THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200.20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

distribution  statement  a 

APPROVED  FOR  PUBLIC  RELfASE; 
DISTRIBUTION  UNLIMITED. 


i  zmtFR "  •  ■ 


yl  .  IW*  i'll  . 


f  xfiJm-G-'i 


/*  /U  - 
/.)  /yr-  i 


k^ssi© 


mm*  uiw*-rt00ia 

This  document  consists  of  101  plus  4 
'  psges  (counting  preliminary  pages) 

So.  33  of  82  copies.  Series  1 


’  r  . 

JffERAIIOI  JAIGLE. 


»fc  tart 

■“  ■*»  •<  iBJ.'iMfi,, 

*r  aiitriigt, M  wilkm  tfc 

£se|j  fWnnim, 


\  JBOJBCT  1(9)-^ ,  j 
£)~1ASZ  SURGZ  AXALZSIS  -  HK  TESTS  y 


QEOBGE  A.  XOUHO 


(77)  20  MAI  952 

(fcQ  8?>y« 


-  r->  lO’-'-v  _ 


utlcus$'f®’_1 


\(j  authority  »t 


w  tisntu  d*t«- 


r__  /  6  -  Jt  6 


U.  8.  SAVAL  OHDHAHCE  LABORATOEI 


CONFIDcmAL 


WHITE  OAK,  MAKILASD 


1 1,  v ;  /*.*  *■- 


250 


: :v^ 


IMUUfrwnq, 

:*r  -£* 


CONFIDENTIAL 

{•canty  Mirautm 

PROJECT  1(9) -4 


PREFACE 


Tha  purpose  of  this  report  Is  to  present  a  compilation  and  analysis 
of  data  concerning  the  behavior  of  the  base  surge  and  related  surface 
phenomena  produced  by  underground  explosions  in  the  Dugvay  Tests  In  Soils 
and  the  Operation  JANGLE  HE  Tests.  These  tvo  sets  of  data  were  c cabined 
In  order  to  provide  a  vide  range  of  charge  weight  and  charge  depth  and  to 
determine  some  of  the  effects  of  soil  properties  on  surface  phenomena. 

•  The  formulas  and  conclusions  presented  herein  were  obtained  almost 
entirely  from  records  of  TNT  charges  weighing  from  320  to  320,000  lb 
fired  at  scaled  depths  aging-fTcm  xero  to  3.07  ft/lbl /d  in  dry  clay, 
dry  sand,  and  vet  clay .  y  Extension  of  the  results  beyond  this  range  of 
variables  say  not  be  Justified. 
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ABSTRACT 


Bam  surge  and  related  surface  phenomena  were  measured  on  photo¬ 
graphic  records  of  the  1951  Underground  Explosion  Tests  In  Soils  at 
Dugvay,  Utah  and  the  Operation  JANGLE  HE  Tests.  Data  concerning  ground- 
rise,  smoke  crown,  column.  Jet,  and  base  surge  behavior  are  presented. 

A  base  surge  Is  produced  by  T HP  explosions  at  scaled  depths  (  Ac) 
ranging  from  aero  to  3*07  ft/lbl/3,  the  greatest  depth  In  these  programs , 
but  Is  -*11  and  tenuous  at  scaled  depths  less  than  0.2  ft/lbl/ 3 .  The 
surge  has  the  highest  velocity  and  greatest  extent  at  a  A  c  of  about 
1.0  ft/lbl/3. 

Base  surges  were  formed  In  the  three  Dugv&y  soil  types;  explosions 
In  dry  sand  produced  the  largest,  vet  clay  the  smallest  surges*  Ex¬ 
plosions  in  dry  clay  vere  Intermediate  In  effectiveness.  Thus,  It 
appears  that  soils  with  low  seismic  velocities  have  the  physical  charac¬ 
teristics  best  suited  for  the  formation  of  a  base  surge. 

Froude  scaling  Is  adequate  for  reducing  the  surge  radial  growth 
data  at  scaled  depths  from  about  0.2  to  2.0  ft/lbl/3.  At  a  A  e  of 
0.508  ft/lbl/3,  comparison  with  liquid  model  results  Indicates  a  1.9 
ratio  of  column  density  to  atmospheric  density.  Similarities  between 
the  base  surges  formed  by  underwater  and  underground,  explosions  are 
noted. 


Areas  of  dust  deposit  and  crater  dimensions  also  Indicate  that  a 
scaled  depth  of  1.0  ft/lbl/3  is  near  the  optimum  for  bass  surge  for¬ 
mation. 

TIP  and  Pen  to  Lite  charges  with  different  volumes  but  equivalent 
energy  formed  similar  base  surges  in  a  small-scale  test. 
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CHAPTER  1 

AHAI3BI3  OP  DATA 


1.1  SOURCES  OT  DATA 

Tbs  data  presented  In  this  report  vera  obtained  from  photographic 
records  of  the  Underground  Explosion  Tests  In  Soils  at  the  Dugvay  Proving 
Ground,  Utah1  In  1951  and  the  series  of  underground  high  explosive  tests 
conducted  In  Hevada  In  1951  as  part  at  Operation  JAHGIE.2 

Notion  picture  records  of  the  Dugvay  Dry  Clay  Tests  vers  obtained 
for  the  Saval  Ordnance  Laboratory  by  Charles  H.  Bradley,  Jr.  Timing 
■arks  (100  per  second)  were  placed  on  the  margin  of  3?  am  film  by  an 
electronic  tiner,  and  a  length  scale  vas  established  from  Barkers  placed 
a  known  distance  apart  at  the  location  of  the  charge  or  by  the  use  of 
the  lens  focal  length  and  the  distance  fran  the  camera  to  the  explosion. 
Measurements  vere  made  from  continuous  prints  of  che  35  flla,  enlarged 
5  times.  A  16  na  kodnchrane  record  vlthout  timing  vas  obtained. 

Prints  of  the  dust  cloud  photographs  of  the  Dry  Clay,  Dry  Sand,  and 
Vet  Cley  Tests  at  Dugvay  vere  provided  by  the  Protective  Construction 
Branch  of  the  Office  of  the  Chief  of  Engineers,  Washington,  D.  C.  This 
photographic  vork  vas  carried  out  by  the  Institute  of  Industrial  Research 
of  the  University  of  Denver,  by  subcontract  to  Engineering  Research 
Associates,  Inc. 3  The  dust  cloud  vas  photographed  vlth  still  cameras  from 
two  positions  vlth  an  Initial  angle  of  90°  between  the  respective  camera 
lines -of -sight.  A  clock  reading  in  minutes  and  seconds  vas  Included  in 
the  field  of  viev  at  each  camera  and  the  movement  at  the  dust  cloud  vas 
followed  by  the  operators.  Measurements  vere  made  from  the  prints,  using 
the  focal  length  of  the  camera  lens  and  the  distance  from  the  camera  to 
the  charge  to  establish  a  scale  factor. 


^  Underground  Explosion  Tests,  Program  "A"  -  Tests  In  Soils,  Protective 
Construction  Branch,  Engineering  Division,  Office,  Chief  of  Engineers, 

*ov.  1950,  pp  1-9. 

2 

D.  C.  Campbell,  LCDR,  USB,  Tests  and  Observations  on  Craters  and  Base 
8urges,  JAHGIZ  Report  l(9)-3,  1  Nov.  1951* 

3  Instrumentation  for  Underground  Explosion  Test  Program,  interim  Technical 
Report  Ho.  1,  Dry  Clay,  Engineering  Research  Associates,  Inc.,  Contract  Ho. 
DA -04 -167 -«ng -2 90,  1  Aug.  1951,  PP  5-2  to  5-4. 
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Oroaad  photography  of  tbs  Hevada  HE  tacts  was  conducted  by  the 
Wanfl la  Corporation  with  notion  picture  and  still  cameras  from  as  many  as 
flea  camera  stations.  Timing  records  were  made,  and  targets  in  the  field 
at  el  aw  ware  used  to  establish  length  scales.  Photographic  analysis  was 
performed  by  the  Sand  la  Corporation  and  data  sheets  and  films  were 
forwarded  to  SOL  for  additional  study  and  measurement.  Aerial  photographs 
Of  shots  HE -2  snd  HE -3  In  the  Hevada  series  were  provided  by  Major  Victor 
Bloecker  of  the  Office  of  the  Director,  Effects  Tests. 

The  rounds  for  which  data  are  available  for  this  report  are  summa¬ 
rised  In  Tables  1.1  end  1.2.  For  coup  aria  an  of  charges  of  different 
weights,  a  scaled  depth  of  burial,  ac,  Is  used: 


(1-1) 


where  d  •  depth  to  center  of  charge,  ft 
V  •  weight  of  charge,  lb  (THT) 

It  should  be  noted  that  the  Dugvay  Tests  include  shots  vith  Xc  ranging 
from  aero  to  3*07  ft/lbl/3,  while  the  Hevada  work  was  confined  to  the 
relatively  shallow  depths  ranging  between  k  c  values  of  -0.149  snd  0.500 
ft/lbVd. 

The  TUT  charges  fired  at  Utah  and  Vevada  consisted  of  cast  blocks 
of  various  sixes,  stacked  to  approximate  spheres  in  shape.  The  pentol'te 
charges  used  at  Hevada  were  epherical.  The  vertical  dimensions  are 
Important  for  the  scaling  of  depth  end  are  listed  in  Table  1.3* 


1.2  MELA3UKSMSHT  07  RECORDS 

Wherever  possible,  measurements  were  made  of  overall  height  of  the 
dust  cloud,  column  height  and  diameter,  and  base  surge  height  and  radius 
as  functions  of  time.  This  vas  done  by  the  Sandla  Corporation  for  the 
levada  high  explosive  teats  and  by  HOL  for  the  Dugvay  tests.  The  Sandla 
analyses  were  checked  for  consistency  with  HOL  methods  of  measurement. 

On  the  longer  Dugvay  records  a  scale  correction  for  cloud  motion 
toward  or  away  from  the  camera  vas  computed  by  using  the  mean  low-level 
wind  velocity  for  the  period  during  which  photographs  were  obtained. 

The  initial  surface  breakthrough  of  explosion  gases  from  an  under¬ 
ground  charge  is  extremely  rapid,  and  high-speed  photography  is  required 
for  Its  analysis,  but  the  subsequent  formation  and  expansion  of  the  dirt 
eoltaan  can  usually  be  resolved  with  a  camera  speed  of  24  frames  per  second. 
Since  the  base  surge  does  not  appear  until  a  few  seconds  after  detonation, 
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TABLE  1.2  4 


Cbderground  Explosion  Tests  in  Hevada 
Operation  JANGLE,  1951 


Round 

Date 

Charge 

Weight 

V 

(lb) 

Charge 

Depth 

d 

(ft) 

Scaled 

Depth 

(ft /if 1/3) 

Charge 

Ccsqtositlon 

HE-1 

8/25 

2,560 

2.01 

0.147 

TOT 

HE  -2 

9/3 

40,000 

4.63 

0.135 

TOT 

HE -3 

9/15 

2,560 

6.79 

0.496 

TOT 

HE -4 

9/9 

2,560 

-2.04 

-0.149 

TOT 

HE -5 

9/30 

2,560 

4.04 

0.295 

TOT 

he -6 

10/2 

2,560 

3.04 

0.222 

TOT 

HE -7 

ioA 

2,560 

2.54 

0.185 

TOT 

HE-8a 

10/13 

216 

1.06 

0.l8l 

TOT 

HE -8b 

10/13 

177 

1.08 

*0.l8l 

Pentolite 

HE-9e 

10/l4 

216 

0.83 

0.139 

TOT 

HE -9b 

10/1 4 

177 

0.83 

*0.139 

Pentolite 

HE-lOa 

10/lk 

216 

3.00 

0.500 

TOT 

HE -10b 

10/lh 

177 

3.00 

*0.500 

Pentolite 

*  Tbs  177  Ik  Pentolite  charge  is  assumed  to  hare  the  energy  equivalent 
of  216  lb  at  TOT. 


TABLE  1.3 


Vertical  Dimensions  of  Chargee 


Charge  Weight 
(lb) 

Charge 

Canposition 

Charge  Height 
(inches) 

177 

Pentolite 

17.75 

216 

TOT 

20.0 

320 

TOT 

24.5 

2,560 

TOT 

49.0 

40,000 

TOT 

117.0 

320,000 

TOT 

234.0 
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ite  growth  can  be  measured  satisfactorily  vith  a  ■  lover  rata  of  exposure. 

Tha  VOL  cameras  at  Dugvay  vara  operated  at  2k  frames  per  second  and 
provided  excellent  coverage  of  the  column  and  surge  formation  but  the 
records  did  not  alvays  extend  for  a  sufficient  period  to  cover  the  com¬ 
plete  cycle  of  grovth  and  dissipation  of  the  surge  cloud. 

The  ERA  dust  cloud  photographs  of  the  Dugvay  tests  wore  taken  at 
varying  Intervals  of  tine,  though  seldom  less  than  5  seconds  apart.  This 
proved  inadequate  for  studying  the  formation  of  columns  but  permitted  the 
tracking  of  the  surge  clouds  far  a  long  period,  particularly  after  their 
growth  had  bee cxae  relatively  slow.  In  seise  cases,  hills,  trucks,  or  large 
trees  obstructed  the  view  of  the  surge  cloud  and  made  accurate  measurement 
impossible. 

The  Sandla  earner ae  were  operated  at  different  speeds,  but  the  combi¬ 
nation  of  a  2h  frame  per  second  35  nan  motion  picture  camera  and  an  F-$6 
aerial  camera  maiHwg  one  exposure  per  second  provided  the  most  satisfactory 
coverage  for  record  analysis.  Greater  camera  speeds  for  base  surge  studies 
usually  proved  wasteful  of  film. 

In  general,  the  operation  of  equipment  and  the  following  of 

tha  dust  cloud  by  the  photographer  proved  superior  to  the  use  of  remotely- 
controlled  cameras. 

Many  times  at  Dugvay  and  Bevada  the  passage  of  tha  shock  wave  In  air 
raised  a  layer  of  surface  dust  which  obscured  much  of  the  formation  and 
development  of  the  base  surge.  Vith  shallow  charges  this  dust  layer  was 
sometimes  high  enough  to  obscure  the  Initial  formation  of  tha  entire 
surge  cloud.  In  these  arid  regions,  cameras  at  elevated  positions  provide 
batter  records  than  those  operated  at  ground  level.  Tha  aerial  photo¬ 
graphs  made  In  Bevada  shoved  the  surge  grovth  more  clearly  than  any 
surface  camera  whan  surface  dust  obscuration  occurred,  and  In  seme  cases 
provided  measurements  that  would  have  been  unobtainable  frcea  ground  level 
cameras.  Aerial  photography  is  probably  the  best  method  of  tracking  a 
moving  surge  cloud  and  also  shows  scrae  of  the  changes  takl ng  place  In  the 
Interior  of  tha  column  and  surge.  However,  ground  marking.)  should  be 
provided  to  establish  a  distance  scale. 


I 


i 


J 


1.3  SCATTER  OF  DATA 

Experience  In  studying  tha  effects  of  underwater  explosions  has  shown 
that  considerable  scatter  must  be  expected  in  the  measurements  of  surface 
phenomena.  It  la  usually  necessary  to  fire  a  large  number  of  charges  and 
treat  all  results  statistically  In  order  to  obtain  consistent  relation¬ 
ships  between  tha  important  variables.  Tor  example:  the  records  of  a 
•arias  of  18  one  hundred  pound  charges  fired  an  a  river  bottom  at  a  30 
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Inch  depth  show  coefficients  of  variation.  of  10. for  maximum  column 
disaster,  30.3^  for  maximum  surge  radlue,  and  21.6^  for  maxim  as  surge 
height. ^  Sufficient  data  axe  not  available  to  determine  in  like  manner 
the  degree  of  dispersion  of  the  data  from  underground  explosions,  but 
charges  fired  under  seemingly  identical  conditions  have  produced  dis¬ 
similar  results. 

flams  at  the  factors  responsible  for  the  scatter  of  data  points  are 
the  follovlmg: 


1.3*1  Won -homogeneity  of  Soli 

The  soil  surrounding  a  burled  charge  Is  almost  never  homo¬ 
geneous.  Layers  of  different  types  of  soil  and  graval  end  variations  of 
moisture  content  vith  depth  all  affect  the  total  result .  Excavating  and 
filling  operations  probably  affect  the  density  and  oolsture  content  of 
the  soil  close  to  the  charge.  Day-to-day  variations  In  moisture  content 
mi 11  also  occur  during  rainy  periods.  This  variation  in  soil  properties 
Is  probably  responsible  In  part  for  the  lack  of  symmetry  of  the  dust 
clouds  produced  by  most  of  the  explosions  studied.  In  many  cases  radial 
throvout  and  base  surge  development  Is  pronounced  on  one  side  of  the 
charge  and  relatively  minor  cn  the  other.  Unless  camera  coverage  Is 
extensive  or  aerial  photography  is  available  the  true  shape  of  the  surge 
cloud  Is  difficult  to  determine. 


1.3.2  Turbulence 

The  base  surge  flov  le  never  smooth  In  appearance.  The  cloud 
Is  in  a  continual  turbulent  state,  vith  tongues  of  material  f loving  out¬ 
ward  at  speeds  greater  than  the  main  cloud  mass.  Both  horizontal  and 
vertical  turbulent  motion  are  present  and  the  surge  is  quite  irregular  in 
shape.  The  erratic  motion  decreases  vith  time  until  the  dynamic  flow  has 
ceased,  and  measurements  of  the  flcrv  often  require  considerable  smoothing. 
As  the  base  surge  loses  its  momentum,  turbulent  atmospheric  motion  be¬ 
comes  increasingly  Important  and  the  surge  cloud  is  gradually  diluted  by 
the  surrounding  air.  This  reduces  the  sharpness  of  the  outer  boundary  of 
the  cloud  and  Iz  Deceases  tenuous  and  difficult  to  see.  Objective  measure¬ 
ment  of  the  dated  Is  of  the  various  parts  of  the  Jet,  column,  and  base 
surge  became  Impossible  when  this  diffuse  condition  Is  reached. 


]l 

A.  B.  Arons,  G.  A.  Young  and  M.  L.  Milligan,  Further  Investigation  of  the 
Base  Surge,  Interim  Report  Ho.  3  of  HOL  Project  152,  HAVORD  Report  2144, 

1  June  1951,  PP  15-18. 
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1.3.3  Ac  cur  any  of  Measurements 

Although  ovary  effort  is  mads  to  obtain  accurate  time  and 
length  scales  for  the  photographic  records,  minor  differences  in  lens 
focal  lengths,  faulty  or  incomplete  timing,  and  possible  errors  in 
measurement  of  distances  may  reduce  the  accuracy  of  measurements  of  sur¬ 
face  phenomena  and  contribute  to  the  scatter  of  the  resulting  data.  In 
some  cases  the  distance  betveen  the  cameras  and  charge  is  too  great  for 
precise  measurement  of  the  surface  phenomena.  The  changes  in  scale  due 
to  movement  of  the  entire  dust  cloud  are  difficult  to  estimate  because 
of  the  generally  irregular  variation  of  vlnd  speed  end  direction.  On 
the  shallow  charge  records,  careful  study  is  required  to  separate  the 
dust  produced  by  the  radial  throvout  and  the  passage  of  the  shock  vave 
from  the  true  surge  cloud. 


1.4  AHALOGY  WITH  UNDERWATER  EFFECTS 

The  appearance  of  the  surface  phenomena  produced  by  underground 
explosions  ia  similar  to  the  risible  surface  effects  of  underwater  ex¬ 
plosions  and  the  physical  processes  of  formation  are  probably  somewhat 
analogous.  In  this  report,  the  same  nomenclature  is  used  for  the  phe¬ 
nomena  produced  in  soils  that  vas  previously  applied  to  the  surface 
phenomena  from  underwater  charges, 5  in  order  to  facilitate  comparison  of 
results  end  to  make  use  of  the  same  scaling  procedures  In  studying  the 
base  surge  flow. 


5  J.  3.  Colas  and  G.  A.  Young,  Investigations  of  Taae  Surge  Phenomena  by 
Means  of  High  Explosives  and  a  Liquid  Ilodel,  Interim  Report  Ho.  2  of  HOL 
Project  152,  HAVOHD  Report  rM,  1  Sept.  1950. 
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CEAPTER  2 


SCRFACE  PHKWMflgA 

t.l  DESCRXPTIOH  AT  SCALED  PZPTH  0?  0.5  Pr/LB^/3 

T he  appearcnce  and  structure  of  the  surface  phenomena  produced  toy 
high  explosive  charges  fired  -underground  are  markedly  dependent  upon 
charge  depth  and  the  character  of  the  soil.  As  an  introduction,  it  will 
be  useful  to  describe  briefly  the  sequence  of  events  above  the  ground 
level  at  an  intermediate  scaled  depth  (  Ac  ■  0.5  ft/ltoV3  in  dry  clay) 
at  which  all  of  the  important  features  are  relatively  large  and  clearly 
defined.  The  320*000  lb  "full  scale"  charge  at  Dugvay  was  fired  at  this 
scaled  depth. 

The  first  visible  surface  effect  is  the  bulging  of  the  earth  above 
the  diargs  into  a  smooth  dame-shaped  mound.  Explosion  gases  start  to 
vent  through  the  upper  surface  of  the  elevated  ground  and  the  entire 
earth  mound  appears  to  explode  into  a  roughly  spherical  cloud  of  smoke 
and  dust,  which  expands  rapidly.  The  diameter  of  the  earth  dosae  con¬ 
tinues  to  increase,  and  the  ground  is  lifted  to  form  a  cylindrical 
column,  which  becomes  visible  beneath  the  rising  smoke  cloud.  These 
features  are  shown  in  Figure  2.1,  which  was  obtained  from  the  photo¬ 
graphic  records  of  Round  EE-3  at  Sevada. 

« 

The  rounded  top  of  a  central  jet  appears  at  the  canter  of  the 
expending  smoke  cloud  and  rushes  upward  at  a  high  velocity,  pushing  the 
Initially  spherical  cloud  upvard  and  outward  into  a  smoke  crown.  The 
jet  of  explosion  gases  appears  to  be  rising  through  the  center  of  the 
earth  column,  and  contributing  to  its  outward  radial  expansion.  The 
oolumn  then  settles  and  the  surge  appears  at  its  base  while  the  jet  con¬ 
tinues  to  rise  and  expand.  Initially  the  surge  cloud  is  almost  white 
In  appearance  and  ia  irregular  and  turbulent.  The  sacks  crown  and  Jet 
then  fell  and  flow  outward  along  the  ground  to  contribute  additional 
material  to  the  surge  cloud,  -chough,  if  light  winds  prevail,  some  of 
the  upper  dust  and  smoke  will  remain  airborne.  Figure  2.2  illustrates 
this  development  for  Round  3C4  at  Dugway. 

The  base  surge  continues  to  grow  in  height  and  diameter,  maintaining 
the  shape  of  a  torus,  or  doughnut,  with  a  shallow  central  dust  layer.  The 
•urge  cloud  moves  downwind,  its  bulk  density  decreasing  due  to  expansion 
and  mixing  with  the  surrounding  air.  It  gradually  rises  from  the  ground 
and  la  dispersed  by  atmospheric  turbulence,  as  shown  In  the  aerial  photo¬ 
graphs  of  Round  EE-3  ia  Fig.  2.3. 
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3.50  MILLISEC 


5.33  MILLISEC 


58.33  MILLISEC 


CHARGE  WEIGHT*-  2£F0  LB  SCALED  C 

CHARGE  DEPTH  =  6  T 9  FT 


SCALED  DEPTH  =  0.49c  FT'LB^ 


Pig.  2.1  Rise  of  Ground  and  Formation  of  Smoke  Crown  and  Column 

Round  HE-3 
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SEC 


45  SEC 


5  SEC  90  SEC 


15  SEC  120  SEC 


CHARGE  WEIGHT  320  LB 
CHARGE  DEPTH  =  35  "T  , 
SCALED  DEPTH  =0,512  rT/LBT 


Fig.  2.2  Formation  of  Jet  and  Base  Surge 
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36  SEC 


Tr'r— 


9  SEC 


r 

-4J  -  4<M  J.'KI 

87  SEC 


f 


> 


1 


. *  .  - .  ■■  •*,. 

15  SEC  180  SEC 

CHARGE  WEIGHT  =  2560  LB 
CHARGE  DEPTH  -  6.79  FT  , 
SCALED  DEPTH  =  0.496  FT/L0'3 


Fig.  2.3  Aerial  Fhotographs  -  Round  HE-3 
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2.2  OBOUID-&3BE 


Ugh-speed  notion  picture  photography  la  Decease ry  for  the  study  of 
the  ground  rlaa  and  breakthrough  of  gasea  from  an  underground  axploalon. 

Taataz  oanaraa,  operated  at  apaada  up  to  1540  fraaes  par  second,  aura 

uaad  at  Dugvay  by  tha  Indua trial  Research  Inatltuta  of  the  University  of 

Beaver.  When  peeslble,  measurements  vara  made  of  the  time  to  tha  initial 

greanA  rlaa,  the  velocity  and  aaxlnua  height  of  tha  ground  rlaa,  and  tha 

time  of  breakthrough.  Taataz  racorda  vara  alao  obtained  at  Xavada  by  tha  > 

Sandia  Corporation,  but  ainilar  aaaauruaanta  are  not  available  at  thia  t 

tlaa.  I 

In  general,  tha  data  obtained  from,  tha  Dugvay  dry  clay1  and  dry  f 

aandf  photographic  racorda  ahov  that  tha  tlaa  to  tha  initial  riaa  of  tha  t 

ground  increases  vith  incraaaing  charge  depth  and  increaalng  charge  £ 

vaight.  Che  height  of  tha  ground  riaa  at  vhlch  initial  venting  occur*  f 

appears  to  increase  vith  incraaaing  charge  depth  to  a  naxlnun,  and  than 
to  deoreaae  for  deeper  chargee.  Thee#  reaulte  are  shown  graphically  in 
71gure  t.k.  t 

The  velocity  of  ground-rise  la  approximately  the  aaaa  for  charges  f 

fired  at  tha  a ana  sealed  depth  in  tha  sane  type  of  soil  and  decreases 
vith  increasing  charge  depth.  Velocity  data  are  summarised  in  Table  2.1. 


2.3  SWOB  CBOWB 

Tha  anoka  crown  develops  free  vhat  appears  to  be  a  partial  venting 
of  explosion  products .  Tha  tlaa  to  thia  initial  breakthrough  Increases 
vith  increasing  charge  depth.  Measurements  obtained  in  dry  sand  are 
presented  in  Table  2.2.3 


^  Instrumentation  for  Underground  Explosion  Teat  Program,  Interim 
Technical  Report  Ifo.  1,  Dry  Clay,  Engineering  Research  Aaiociates,  Inc., 
Contract  lo.  DA-Oh-167-eng-29j,  1  Aug.  1951#  PP  5-1  to  5-H* 

*  Inetruman tat  1  on  for  Underground  Broloalon  Teat  Program,  Interim 
Technical  Report  Ho.  2,  Dry  Sand,  Engineering  Research  Associates,  Inc., 
Contract  Io.  DA-b^-1^7-«ng-25<i,  I  Oct.  1951#  PP  5-1  to  5-16. 

3  ibid.,  pp  5-4  to  5-10. 
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Fig.  2.U  Tim®  to  Initial  Ground-Rise  and  Maximum  Height  of  Ground-Rise 

vs  Scaled  Charge  Depth 
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TABLE  2.1 

Telocity  of  Uround-Rlae  In  Dry  Clny  Dry  Sand 


Round 

Soil  T*pe 

Charge  Vt. 

(ib  m) 

Scaled  Depth 

(ft/lfcl/3) 

Velocity  of 
Qround-Riae 
(ft/aec) 

no 

Dry  Sand 

320 

0.512 

730 

113 

Dry  Sand 

320 

0.512 

680 

109 

Dry  Sand 

2,560 

9.512 

510 

115 

Dry  Sard 

*0,000 

0.512 

710 

105 

Dry  Sand 

320 

1.02 

220 

106 

Dry  Sand 

320 

2.05 

70 

10? 

Dry  Band 

320 

3.07 

30 

313 

Dry  Clay 

320 

0.512 

770 

309 

Dry  Olay 

2,560 

0.512 

780 

312 

Dry  Clay 

2,560 

0.512 

63* 

315 

Dry  Clay 

40,000 

0.512 

770 

318 

Dry  Clay 

320,000 

0.512 

780 

306 

Dry  Clay 

320 

2.05 

57.6 

307 

Dry  Clay 

320 

3.07 

18.8 

TABLE  2.2 

Ttaui  «f  Breakthrough  for  Chargea  Plred  in  Dry  Sand 


Round 

Charge  Weight 

Scaled  Depth 

(lb  TIT) 

(ft/lbl/3) 

113 

320 

O.512 

105 

320 

1.02 

106 

320 

2.05 

107 

320 

3.07 

109 

2,560 

0.512 

115 

*0,000 

0.512 

breakthrough 
(ail Iliac) 


5.8 

*2 

700 

>1300 

15.* 

31 


Tha  —oka  erovn  aeeaa  to  eonalat  of  a  Mixture  of  duat  and  gaokc 
fartlolaa  and  beharea  Ilka  an  aaroaol  with  a  relatively  low  density.  It 
fall  a  and  alxaa  with  tha  au/k  a  cloud  when  charges  ara  fired  at  A.  e  ■  0.3 
ft/lbl/3  -with  a  Moderate  vind  (aaa  Section  2.5 )  and  for  all  deeper  ahota. 
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At  X  0  ■  2.0  ft/lb^/3  and  at  greater  depths,  the  Jet  does  not  break 
through  the  smoke  crown  and  Its  general  appearance  is  that  of  a  dcae- 
shaped  dust  and  snoke  cloud.  It  Is  difficult  to  distinguish  the  smoka 
crown  from  the  dirt  column  beneath  it  at  these  scaled  charge  depths. 

For  charges  fired  at  a  scaled  depth  less  than  0.5  ft/lbVS  (and 
rounds  fired  at  a  X  c  of  0.5  ft/lbl/3  with  a  light  wind),  the  saoke  crown 
does  not  fall  appreciably  but  becomes  diffuse  and  moves  downwind,  mixing 
with  the  rising  surge  cloud  until  they  became  indistinguishable. 

The  initial  rise  of  the  saoke  crown  for  Round  HE-3  in  Revada  is 
shown  in  Figure  2.5. 


2.k  COUMI 

The  dirt  column  rises  from  the  ground  following  the  initial  saoke 
cloud.  For  charges  fired  at  scaled  depths  of  1.0  ft /lb  V  3  or  less  the 
column  is  initially  narrower  at  the  base  than  at  the  top,  but  expands 
radially  until  the  walls  are  almost  vertical.  The  column  walls  are 
relatively  smooth  until  this  time,  but  develop  a  spiky  appearance  and 
then  become  diffuse  and  less  sharply  defined.  Dirt  clods  are  thrown  out 
radially  through  the  column  and  follow  a  downward  trajectory.  In  dry 
hard-packed  soils,  such  as  at  the  levada  test  site,  dust  trails  from 
the  soil  conglomerates  nay  obscure  the  further  behavior  of  the  column. 

The  assumptions  are  made  that  the  dust  aerosol  in  the  column  drops 
vertically  and  flows  outward  radially  along  the  ground  as  the  base 
surge  and  that  the  heavy  radial  throw  out  does  not  contribute  to  the 
surge  flow. 

For  charges  fired  at  scaled  depths  of  2.0  ft/lbV3  or  more,  the 
column  is  initially  dome -shaped,  reaching  its  greatest  diameter  at  the 
base.  The  column  expands  until  the  walls  are  approximately  vertical 
end  little  or  no  radial  throve ut  is  observed. 

At  all  depths  studied,  the  rate  of  expansion  of  the  column  base 
is  approximately  linear  until  the  walls  become  spiky  and  diffuse.  For 
sealing  purposes,  the  maximal  column  diameter  at  the  base  (iW-r )  is 
defined  as  the  slxe  attained  when  the  linear  horizontal  growth  ends. 

(The  column  subsequently  appears  to  grow  rapidly  because  of  threwout 
and  dust  obscuration. )  Column  height  (C)  is  measured  to  the  base  of  the 
smoke  crown  and,  for  scaling,  the  assumption  is  made  that  any  part  of  the 
columr  extending  into  the  smoke  crown  is  diffuse  and  has  a  negligible 
effect  on  the  growth  of  the  base  surge. 


As  accurate  measurements  of  maximum  column  height  and  diameter  can 
be  obtained  solely  frem  motion  picture  records,  such  data  are  not  availa¬ 
ble  for  all  of  the  Dugway  tests. 
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O  0.4  0.8  1.2  1.6  2. 

TIME  t  (SEC) 

Tig.  2.5  Height  of  Smoke  Crown  vs  Time  -  Hound  HE-3 


-  18  - 


CONFIDENTIAL 


SKartty  ialtnubw 


••  •  •  •  •• 


CONFIDENTIAL 

Sacanty  tatmalm 

PROJECT  1(9) -4 

As  shown  in  Figure  2.6,  the  relation  between  Dnmr  end  charge  weight 
■ay  be  expressed  by  a  power  formula  for  burled  charges  fired  at  the  same 
scaled  depth.  Column  diameter  apparently  reaches  a  maximum  when  the 
charge  is  half  underground  (  A c  ■  0)  or  near  that  depth.  For  rounds 
fired  with  the  upper  surface  of  the  charge  tangent  to  the  ground  and  for 
Aaeper  shots,  Dmt  Increases  with  increasing  depth  to  a  maximum  at  about 
A  c  ■  1.0  and  decreaaas  from  there  on. 

The  relation  between  maximum  column  diameter  and  charge  weight  for 
a  scaled  depth  of  A Q  ■  0.512  ft/lbl/3  In  dry  clay  may  be  expressed  as: 

-  10.9  w°-304  (  xq  -  0.512  ft/lbl/3)  (2.1) 

where  *  maximum  column  diameter,  ft 

W  -  charge  weight,  lb  (TOT) 

At  a  scaled  depth  of  0.135  ft/lbl/3  in  dry  clay,  the  shallowest 
depth  at  which  the  charge  was  not  exposed  to  the  air,  the  relation  is: 

D— -r  -  8.38  w°-304  (  xc  -  0.135  ft/lbl/3)  (2.2) 

Similar  expressions  can  be  obtained  for  C,,T.  (See  Fig.  2.7.)  As 
maximum  column  height  and  maximum  column  diameter  are  equal  at  scaled 
depths  of  0.512  ft/lbl/3,  the  formulas  are  the  same.  Hrvever,  since 
column  height  changes  more  rapidly  with  charge  depth  thin  does  column 
disaster,  agreement  la  not  obtained  at  other  values  of  Ac.  The  formulas 
far  scaled  depths  of  0.512  and  0.135  ft/lbl/3  in  dry  clay  are; 


Cmm-r  ■  10.9  W°*3<* 

(Ac  -  0.512  ft/lbl/3) 

(2.3) 

Caax  -  5.71  W°*304 

(  A0  -  0.135  ft/lbl/3) 

(2A) 

where  Cmax  •  maximum  column  height,  ft 
W  ■  charge  weight,  lb  (THT) 

Column  heights  reach  a  maximum  at  about  A  c  ■  1.0  ft/lbl/3  and  are 
leas  far  charges  shall  over  or  deeper  than  this. 

The  ratio  of  maximum  column  height  to  maxi  mum  column  diameter  is 
Important  for  scaling  the  radial  growth  of  the  base  surge.  (See  Chap,  k.) 
Average  values  of  Cmax/Daax  are  given  In  Fig.  2.8,  for  the  range  of  scaled 
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depths  available  In  dry  clay  at  Dugvay  and  at  Nevada,  and  indicate  a 
■axliia  value  of  this  ratio  at  about  Ac  ■  1.0  ft/lbl/3. 

The  general  structure  of  the  visible  surface  phenomena  Indicates 
that  the  column  Is  a  hollow  cylinder,^  except  possibly  at  charge  depths 
at  2.0  ft/lbl/3  or  more,  when  the  central  Jet  does  not  vent  through  the 
ground  surface.  It  Is  difficult  to  distinguish  the  column  from  the  smoke 
crown  at  these  depths. 


2.5  JET 

A  central  Jet  of  explosion  gases  and  smoke  appears  for  charges 
fired  at  scaled  depths  ranging  from  zero  to  a  depth  somewhat  greater  than 
1.0  ft/lbV3,  though  the  Jet  Is  relatively  low  and  narrow  at  the  deeper 
positions  in  this  range.  When  charges  are  fired  at  scaled  depths  of  2.0 
ft/lbl/3  and  deeper,  the  Jet  does  not  appear. 

TFT  charges  produce  a  black  Jet,  which  is  clearly  defined  at  first 
and  rises  at  a  high  velocity,  due  to  the  rapid  expansion  of  the  explosion 
gases.  The  outline  of  the  black  cloud  is  sharp  and  it  has  a  turbulent 
appearance. 

The  rate  of  rise  then  decreases,  due  to  turbulent  mixing  with  the 
surrounding  air,  and  the  outer  edges  become  diffuse.  However,  the  Jet 
continues  to  rise  at  a  fairly  high  rate,  as  a  result  of  Its  buoyancy. 

•  When  the  buoyant  lifting  ceases,  the  Jet  cloud  may  rise  or  fall, 

depending  upon  its  density  and  atmospheric  conditions.  If  the  hulk 
density  is  high  enough  and  the  smoke  and  soil  particles  are  of  the  proper 
size  and  spacing,  a  downward  density  flow  will  be  started  and  the  cloud 
will  drop  and  flow  outward  along  the  ground  Into  the  base  surge.  If  the 
hulk  density  Is  nearly  the  same  as  the  density  of  the  air,  the  Jet  cloud 
will  be  subject  to  lift  end  dispersal  by  atmospheric  convection  and 
turbulence. 

The  scaled  depth  of  0.5  ft/lbl/3  appears  to  be  critical  In  this 
regard.  At  this  firing  condition,  the  Jet  remains  partially  airborne  If 
the  wind  is  light,  but  falls  almost  completely  with  a  strong  wind.  The 
contribution  of  the  Jet  to  the  base  surge  decreases  aa  charges  are  fired 
In  relatively  shallower  positions,  and  at  Ac  ■  zero,  the  Jet  remains 


k 

V.  Salmon,  Throw-Out  Phenomena  In  Underground  Explosions,  Statue  Report 
So.  6,  Contract  h7onr 32104,  Stanford  Research  Institute  Project  317 » 

29  March  1951/  P  2. 
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eenpletely  airborne  ud  Is  dispersed  by  turbulent  atmospheric  notion. 

Tor  charges  fired  at  seeled  depths  greeter  then  0.5  ft/lb^/3,  virtu¬ 
ally  the  entire  Jet  deposits  on  the  ground  or  enters  the  base  surge  in  a 
short  tine.  The  contribution  of  the  Jet  to  the  surge  cloud  decreases  with 
increasing  depth  and  Is  unknown  when  the  Jet  does  not  vent  completely 
through  the  sacks  crown. 

Tor  sealing  purposes,  the  maximum  Jet  height  (*Jaax)  iB  defined  as 
the  Unit  of  the  buoyant  rise  of  the  Jet.  This  Is  measured,  somewhat 
subjectively,  by  examination  of  notion  picture  records,  but  nay  sometimes 
be  obtained  from  plotted  data  of  Jet  height  vs  tine.  Tor  shallow  charges 
Jmm-r  nay  coincide  with  the  point  at  which  the  Jet  growth  becomes  linear, 
beyond  which  the  growth  is  due  to  turbulent  diffusion.  With  deeper 
charges,  JL«^.  as  defined  herein,  should  be  approximately  equal  to  the 
greatest  height  attained  by  the  Jet. 

The  nasi  an  in  Jat  heights  for  the  Dugway  dry  clsy  tests  and  tha 
Savada  IE  tasts  are  shown  in  Tig.  2.9  as  functions  of  charge  weight.  Tor 
the  scaled  depth  of  0.512  ft/lbV3  the  relation  between  and  charge 
weight  nay  be  expressed  by  tbs  following  formula: 

JL,t  -  116  V0*22*  (  XQ  »  0.512  ft/lb1^)  (2.5) 


where  41T  ■  maximal  Jat  height,  ft 
V  -  charge  weight,  lb  (TOT) 


JmMX  does  not  vary  greatly  for  shallow  charges,  and  tha  sans  formula 
way  be  applied  to  obtain  an  approximate  maxima  Jet  height,  with  about 
a  15£  possible  error,  tor  charges  fired  between  the  scaled  depths  of 
aero  and  0.6  ft/lbV3  in  dry  clay. 


If  maxima  overall  height  is  plotted  against  X  ,  as  in  Tig.  2.10, 
a  good  relation  can  ba  obtained  for  the  naxlnun  heights  reached  by  the 
surface  phenomena  produced  by  tha  deeper  320  lb  charges  In  dry  clay 
(scaled  depth  greater  than  0.5  ft/lbV3),  although  overall  height  coin¬ 
cides  with  Jet  height  at  scaled  depths  of  0.5  and  1.0  ft /lb  V  3  and 
ropresants  height  of  the  smoke  crown  for  deeper  charges.  The  formula  la: 


TT*  o-1-^  *c  (320  lb,  dry  clay,  Xo>0.5  ft/lb1^)  (2.6) 


Than  Q 
^  e 


maxima  overall  height,  ft 
sealed  charge  depth,  ft/lbV3 
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The  data  tall  cat*  that  the  Bax  1mm  scaled  depth  for  the  formation  of  such 
surface  phenomena  increases  with  increasing  charge  weight. 

The  vertical  growth  of  Jets  from  320  lb  and  2560  lb  charges  Is  pre¬ 
sented  in  Figs.  2.11  and  2.12  and  a  comparison  of  the  jets  from  charges 
of  different  weights  at  the  same  scaled  depth  is  shown  in  Pig.  2.13. 

When  possible,  the  ends  of  the  growth  curves  indicate  as  defined 

herein.  As  the  initial  rapid  rise  of  the  Jet  can  only  be  resolved  with 
motion  picture  photography.  Jet  records  are  not  available  for  the  diy 
sand  and  wet  clay  programs. 

The  available  data  show  that  the  Jet  velocity  is  stect  for 
charges  fired  at  a  scaled  depth  of  about  1  /  ft/lbl/3  and  decreases  for 
charges  placed  at  shallower  or  deeper  posit  ohm.  The  records  of  Rounds 
306  and  307  represent  height  of  the  smoke  crown,  but  are  included  in 
Pig.  2  .11  for  c caparison  with  shallower  shots .  Initial  Jet  velocity 
increases  with  Increasing  charge  weight,  for  charges  fired  at  the  some 
scaled  depth. 

After  the  buoyant  rise  of  the  Jet  has  ended,  the  top  of  the  Jet 
cloud  represents  the  overall  height  (  Q  )  of  the  surface  phenomena. 
Records  of  the  changes  in  overall  height  are  given  in  Pigs.  2.14,  2.15 
and  2.16.  Overall  heights  of  dry  sand  and  vet  clay  rounds  are  included 
in  these  charts. 

Vhan  charges  were  fired  at  the  same  scaled  depth  in  different  types 
of  soil,  the  vet  clay  rounds  produced  the  most  rapidly  rising  Jet  clouds 
and  dry  clay  the  slowest  rising  Jet  clouds,  with  charges  in  dry  sand 
generally  intermediate  between  the  two. 

However,  the  overall  height  is  greatly  affected  by  atmospheric 
conditions,  as  indicated  by  the  different  curves  shown  for  charges  fired 
at  the  same  scaled  depth  in  the  same  soil  type.  Both  Jet  height  and 
overall  height  are  influenced  by  wind  and  atmospheric  turbulence.  The 
effects  of  wind  and  its  variations  in  time  and  space  are  complex  but , 
in  general,  strong  winds  have  the  effect  of  holding  the  jet  down.  Proba¬ 
bly  a  surface  wind  of  at  least  15  mph,  accompanied  by  gustiness  and  an 
Increase  of  speed  with  height.  Is  needed  to  hold  back  the  Jet  and  force 
it  down  rapidly,  when  charges  are  fired  at  scaled  depths  of  0.5  ft/lbl/3 
or  greater.  (Sea  Pig.  3*H. )  Atmospheric  conditions  say  have  effects  of 
different  relative  importance  for  charges  greater  than  320.000  lb  or  less 
than  320  lb. 

Wind  effects  ar>»  discussed  further  in  Section  5.2. 
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*.6  C1ABQB3  Of  THE  BURT  ACE 

Om  record  Is  available  for  a  charge  firei  on  the  surface  of  the 
froanl:  Round  HZ  A.  at  Sevada,  vaa  a  2560  lb  charge,  detonated  at 
1«  -  -0.1*9  ft/lbV3. 

Tbe  explosion  scooped  out  a  ahallov  crat  it  ,  about  2  ft  deep  and 
l6  ft  In  41  an* tar, 5  and  the  surface  shock  vave  raised  considerable  surface 
duet.  An  Irregularly  shaped  cloud  formed  and  rose  relatively  slowly, 
while  a  thin  pillar  of  dust  trailed  beneath  1;..  The  upper  cloud  vas 
divided  into  two  distinct  portions,  a  black  saoke  cloud  and  a  light  dust 
aloud,  which  gradually  merged  into  a  single  diffuse  mass.  The  trailing 
dust  pillar  soon  beoeae  tenuous  and  the  vholi  cloud  dissipated  within  a 
half  hour.  Ko  base  surge  formed  at  this  charge  position. 

Seme  of  the  Important  features  of  the  surface  phenomena  are  shown 

m  rig.  2.17. 


5  B.  C.  Campbell,  LCDS,  C3H,  Tests  and  Observations  on  Craters  and  Base 
Burges,  JAICHJ5  Report  l(9)-3,  1  Bov.  1951* 
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3.1  MMHOP  or  rOPMATIOI  AID  DISSIPAnOI 

The  roomily  cylindrical  earth  colusm  that  Is  formed  above  tha 
ground  whan  tha  explosive  gases  rant  cons  lata  of  a  mixture  of  aoll  parti* 
elaa  at  a  wide  range  of  alsa.  Tha  largar  cloda  or  aggregates  drop  hack 
but  tha  anallar  parti  cl*  a  entrain  air  hacauaa  of  thair  high  concentration 
and  do  not  fall  Individually.  It  la  assumed  that  the  danae  aerosol  falla 
at  a  rata  considerably  greater  than  tha  terminal  velocities  of  tha  Indi¬ 
vidual  particles  and  flows  outward  radially  at  the  base  at  the  column  to 
fora  tha  base  surge.  Tha  entire  suspension  of  dust  in  air  behaves  In  tha 
■aimer  or  a  homogeneous  fluid  with  a  seen  density  somewhat  higher  than 
tha  density  at  tha  surrounding  air. 

This  type  of  phenomenon  Is  not  confined  to  explosions  and  Is  known 
as  bulk  subsidence.  It  has  bean  Investigated  on  a  laboratory  scale  at 
the  Woods  Hole  Oceanographic  Institution^-  and  Stanford  University. 2  The 
Halted  data  available  Indicate  that  the  ratio  of  current  velocity  to 
partlola  velocity  Is  greatest  for  very  small  particles  at  a  high  concen¬ 
tration  and  was  as  large  as  10,000  with  smoke  containing  one  ailllon 
particles  of  eaiaennlua  chloride  per  cc  (particle  radius  0.1  aicron)  .3 

When  the  falling  aerosol  changes  Its  direction  of  flow  from  vertical 
to  horlsantal  at  the  base  at  the  column,  the  larger  particles  do  not 
follow  the  sudden  bending  of  the  streamlines  but  continue  their  downward 
path  end  are  deposited  upon  the  ground.  A  tall  dense  colusm  will  fall 
rapidly  and  deposit  particles  of  a  wide  range  of  size  In  this  Banner,  but 
a  shallow  column  of  low  density  will  deposit  only  the  relatively  large 
partioles. 


^  A.  B.  Arons,  O.  Wertheim,  and  M.  Erumhola,  Density  Currents  Induced  by 
Btreeas  of  falling  Particles,  Woods  Hole  Oceanographic  Institution,  Woods 
Bole,  Mass.,  KAVOKD  Report  W35,  21  March  1951,  pp  1-29. 


®  8.  V.  Or  inn*  11,  W.  A.  Perkins  and  T.  X.  Webster,  Bimonthly  Report  3  of 
Chemical  Warfare  Service  Research  and  Development  Program,  Contract  Ho. 
W-18-035-CW3-1256,  Stanford  Ualr.,  Calif.,  May  -  June  19W,  pp  15-2k. 


3  Ibid.,  p  1 6. 
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After  the  column  has  settled  end  flowed  outward,  the  clouds  of  dust 
end  smoko  particles  constituting  the  Jet  and  smoke  crown  may  fall  and 
propagate  into  the  surge.  These  clouds  are  lighter  t-h*n  the  column  and 
drop  more  slowly,  hut  contribute  additional  material  to  the  base  surge. 

The  successful  use  of  Froude  scaling  In  the  study  of  the  base 
surges  produced  by  underwater1*'  and  underground  explosions  (see  Chap,  4) 
indicates  that  the  Initial  radial  growth  of  the  base  surge  Is  controlled 
by  gravitational  and  Inertial  forces.  When  the  particle  concentration 
Is  reduced  by  expansion  of  the  surge,  further  growth  is  controlled  by 
eddy  diffusion.  The  point  at  which  the  latter  mechanism  becomes  the 
■ore  important  of  the  two  depends  upon  meteorological  as  well  as  firing 
conditions . 

As  the  rate  of  radial  growth  of  the  base  surge  decreases,  the 
heavier  particles  settle  under  gravity  until  a  relatively  stable  aerosol 
remains.  At  this  stage,  the  particles  are  probably  less  than  a  few 
microns  In  site  and  the  Stokes '  Law  rate  -of -fall  is  small.  The  tenuous 
dost  cloud  is  then  subject  to  atmospheric  turbulence  and  may  remain 
airborne  for  a  considerable  period  of  time. 


3.2  EFFECTS  OF  SOIL  ASP  CHARGE  EZPTH 

The  rate  of  growth  and  maximum  extent  of  the  base  surge  depend 
upon  charge  weight,  charge  depth,  character  of  aoil,  and  meteorologlaal 
conditions. 

As  the  base  surge  Is  often  Irregular  In  shape  initially  and  is 
further  distorted  by  wind  aud  atmospheric  turbulence,  mean  values  of  the 
radius  ere  used  In  the  following  pages  to  indicate  the  growth  of  the 
surge.  Similar  records  of  two  or  more  rounds  are  averaged.  Figure  3.1 
•hows  that  the  maximum  average  rate  of  surge  growth  and  probably  the 
greatest  surge  extent  for  320  lb  charges  In  dry  clay  or  dry  sand  occurs 
at  a  7  ft  charge  depth  (  ■  1.02  ft/lbl/3).  A  similar  trend  is  Indi¬ 

cated  In  Figure  3*2  for  2560  lb  charges,  though  no  rounds  were  fired 
at  scaled  depths  greater  than  0.512  ft/lbl/3.  The  effect  of  charge 
weight  is  shown  for  rounds  fired  at  Ac  ■  0.5  ft/lbl/3  in  Fig.  3.3. 

The  base  surge  produced  by  shallow  charges  (scaled  depth  less  than 
0.2  ft/lbl/3)  is  relatively  small  ana  difficult  to  distinguish  from 


^  A.  B.  Arons,  G.  A.  Young,  and  M.  L.  Kllligan,  Further  Investigation  of 
the  Bass  Burgs,  Interim  Report  Ho.  3  on  SOL  Project  152,  2AY0RD  Report 
2144,  1  Junel951,  pp  1-15. 
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surface  dust.  It  is  usually  tenuous  and  das  a  limited  radial  growth. 

Tha  low  initial  velocity  and  general  appearance  indicate  that  the  surge 
density  must  be  almost  equal  to  that  of  the  surrounding  air  at  zero 
sealed  depth.  It  is  most  probable  that  no  recognizable  surge  would  occur 
when  more  than  half  of  a  charge  is  exposed  to  the  air  at  detonation. 

The  base  s  urge  produced  by  relatively  deep  charges  (scaled  depth 
greater  than  2.5  ft /lb1/ 3)  is  also  small,  but  the  high  initial  rate  of 
spread  indisatns  a  pronounced  density  difference  between  the  surge  and 
surroundJLig  air.  The  surge  clouds  are  clearly  defined,  though  small  in 
else,  at  these  depths. 

In  almost  every  case,  charges  fired  in  dry  sand  produced  a  larger, 
faster -moving  base  surge  than  the  equivalent  charges  fired  in  dry  clay. 
The  limited  data  indicate  that  vet  clay  Is  the  least  effective  of  the 
three  soil  types  for  the  production  of  a  base  surge. 

The  ends  of  the  radius -time  curves  do  not  generally  indicate  the 
marl  mm  radial  extent  of  the  surge  cloud,  but  represent  the  limit  of  the 
available  data.  Jto  objective  measurement  of  maximum  size  can  ba  made 
because  the  surge  cloud  grove  by  mixing  vlth  the  surrounding  air  until 
the  concentration  has  been  reduced  to  a  level  at  which  the  cloud  la  no 
longer  visible.  In  cases  where  the  growth  curve  indicates  expansion  to 
a  maximum  radius  followed  by  a  decrease  in  size  (e.g. ,  Bound  30b),  the 
surge  cloud  has  thinned  and  lifted,  changing  to  a  tall  cylindrical  dust 
cloud. 


! 

\ 


Examples  of  the  base  surge  from  shallow  and  deep  charges  in  dry 
clay  are  shown  in  Tigs.  3A  and  3»5«  Sena  dry  sand  and  vet  clay  surges 
are  presented  in  rigs.  3.6  and  3.7. 

Surge  heights  are  difficult  to  determine  because  of  the  billowy 
nature  of  the  upper  surface.  S emetines  great  differences  in  height 
00 cur  between  parts  of  the  base  surge,  probably  due  to  the  lack  of 
symmetry  of  the  initial  breakthrough  of  explosion  gases  and  the  subse¬ 
quent  irregular  fallout.  Theory  indicates  that  the  upper  surface  of  a 
density  current,  such  as  the  base  surge ,  is  subject  to  the  formation  of 
waves  which  may  bee  cos  unstable  and  lead  to  mixing  with  the  air  above.  5 
Id  a  danse  current  of  this  type,  mixing  is  generally  at  a  minimum  at  the 
leading  edge.  Mean  values  of  surge  height  for  each  round  are  used  in 
this  presentation,  but  the  data  are  subject  to  considerably  more  scatter 
than  the  measurements  of  surge  radius. 


5  J.  8.  Colas  and  0.  A.  Toting,  Invisti  potions  o*  Base  Surge  Phenomena  by 
Means  of  High  Explosives  and  a  Lin  aid  ilodel,  Interim  Eeport  Ho.  2  of  LOL 
Project  152,  HAVOHD  Report  174471  Sept.  1950,  p  53. 
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Fig.  3.4  Formation  of  Base  Surge  by  Shallow  Explosion  in  Dry  Clay 
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Fig.  3*5  Formation  of  Base  Surge  by  Deep  Explosions  in  Dry  Clay 
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20  SEC  50  SEC 

ROUND  403  CHARGE  DEPTH«5.0  FT 

CHARGE  WEIGHT-  2J560  LB  SCALED  DEPTH  -0.366  FT/LB  f/3 


Fig*  3*7  Formation  of  Base  Surge  by  Explosion  in  VTet  Clay 
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Dm  height -tine  cumi  for  the  baa#  surge  at  different  firing 
conditions  art  given  la  Pigs.  3.6,  3*9>  *nd  3. 10.  Th«  surge  cloud  is 
shallowest  during  tha  first  stag*  of  its  growth  with  very  shallow  and 
wary  deep  charges,  and  appears  to  ba  highest  for  charges  fired  at  a 
sealed  depth  of  1.02  ft.  ibV3.  The  irregular  growth  that  follows  shows 
the  effect  otf  turbulent  nixing,  and  the  height  attained  before  tha  surge 
dissipates  is  apparently  independent  of  depth  for  charges  of  the  suae 
weight.  In  all  cases,  the  surge  cloud  continues  to  rise  as  it  expands. 

The  surges  produced  in  dry  send  tend  to  be  consistently  higher  than 
surges  in  dry  clay,  but  the  wet  clay  records  are  not  adequate  to  show  a 
significant  tendency.  Tha  relatively  smooth  appearance  of  the  dry  sand 
growth  curves  is  probably  not  representative  of  the  actual  growth  process 
but  is  due  to  the  large  tins  interval  between  data  points. 


3.3  EFFECTS  OF  VTOn? 

Wind  conditions  nay  affect  the  base  surge  indirectly  by  altering 
the  rates  of  growth  and  fall  of  the  Jst.  As  shown  in  Fig.  3-H>  the  Jet 
produced  in  a  strong  gusty  wind  by  Round  312  dropped  fast  and  caused  a 
rapid  growth  of  tha  baas  sparge.  With  the  sane  charge  weight  and  depth, 
the  Jet  frees  Round  309  rose  into  a  relatively  light  wind  and  fell  slowly, 
while  the  base  surge  expanded  nt  a  moderate  rate  of  speed. 

Aside  from  Jet  effects,  the  wind  shortens  the  disaster  of  the  surge 
aloud  in  a  direction  parallel  to  the  wind  direction  so  that  the  surge 
beecnes  ovoid  before  moving  bodily  downwind.  When  the  surge  is  com¬ 
pletely  formed  it  is  shaped  like  an  irregular  torus,  with  the  downwind 
edge  ■uch  higher  than  the  trailing  upwind  side. 
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TIME  t  (SEC) 

Fig.  3.8  Base  Surge  Height  vs  Tine  -  320  Lb  TNT  Charges 
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Fig*  3*9  Base  Surge  ileight  va  Time  -  2,560  Lb  TNT  Charges 


TIME  t  (SEC) 

Fig.  3-10  Base  Surge  Height  vs  Time  -  Scaled  Depth  «  0.5  Ft /U)^^(TNT) 
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fc.l  MOCTTfl 

The  concept  of  the  bulk  subsidence  end  radial  outflow  of  tbs  serosal 
that  constitutes  tbs  bass  surge  lap  11  as  that  tbs  suspension  of  dust  parti¬ 
cles  In  sir  con  be  treated  es  a  fluid,  scoot  hat  brevier  thou  sir.  Conse¬ 
quently  it  is  possible  to  use  sens  of  the  techniques  of  fluid  dyx sales 
cad  apply  the  lavs  of  si  si  laxity  to  the  floe  phenomena  produced  by  under¬ 
ground  explosions . 

The  concepts  of  similarity  and  models  nay  be  applied  to  base  surge 
phenonsna  in  two  possible  ways.  If  ccaplete  similarity  exists  between 
the  surge  flow  produced  by  charges  of  different  weights  fired  at  the  sane 
scaled  depths,  the  effects  of  large  chargee  aay  be  predicted  by  applying 
appropriate  scaling  rules  to  small  charge  results.  Secondly,  a  better 
understanding  of  surge  phenomena  in  general  can  be  obtained  If  it  is 
possible  to  simulate  the  base  surge  on  a  laboratory  scale  with  dense 
liquids  or  aerosols. 

A  liquid  model  has  been  used  with  success  In  tbs  study  of  the  base 
surges  produced  by  underwater  explosions.1  The  model  consists  of  a  metal 
cylinder  retaining  a  column  of  dense  colored  solution  In  tbs  center  of  a 
tank  of  water.  When  the  cylinder  Is  removed  suddenly  the  column  descends 
vertically  and  flows  outward  horiioutolly  slang  the  bottom  of  the  tank, 
loth  homogeneous  and  hollow  columns  were  studied,  and  tbs  inner  and  outer 
diameters,  column  height,  end  fluid  density  were  varied. 


fc.fi  ggOUDB  SCALCTG  OF  BASS  8URGB  RADIAL  GROWTH 

As  equivalence  of  frauds  numbers  Is  s  necessary  condition  for  simi¬ 
larity  in  all  eases  of  flow  with  a  free  surface,  froude  scaling  was  used 
for  the  Initial  flaw  of  the  surge  both  in  the  liquid  model  and  in  under¬ 
water  explosions.  It  proved  to  bo  adequate  for  comparing  the  Ini  vial 
rates  of  growth,  indicating  that  gravitational  and  Inertial  forces  play 
tbs  dominant  role  In  establishing  tbs  character  of  the  flow.  J.t  is 


1  4.  B.  Arams,  Exporlmantal  investigations  of  Bass  Surra  Phenonana. 
Ikcarlm  Report  Vo.  1  of  SOL  Project  152,  HAVOiO)  Report  1501,  13  July 
1950,  pp  6-7. 
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significant  that  tha  explosion  results  give  best  agreamant  with  the 
hollow  core  liquid  Models. 

A.  B.  Arons®  has  derived  scaling  laws  for  the  initial  radial  propa¬ 
gation  velocity  of  the  surge  front,  obtaining  tha  following  parameters: 


r 


(*.l) 


T 


(4.2) 


where 


scaled  surge  radius  (dimensionless) 
surge  radius,  ft 
maximum  column  diameter,  ft 
scaled  tiao,  sec/ftl/2 
time,  sec 


The  maximum  diameter  of  the  column  is  used  as  the  characteristic 
length  for  scaling  purposes.  Reducing  lengths  by  the  first  pover  of 
Dfcax  and  time  by  the  square  root  of  Dm«v.  as  Indicated  above,  corresponds 
to  Froude  scaling.  If  this  procedure  is  adequate,  measurements  of  the 
radial  growth  of  the  base  surge  produced  by  chargee  fired  at  the  sane 
scaled  depth  should  lie  on  the  same  curve  when  scaled  In  this  manner. 


For  complete  geometrical  similarity,  the  ratios  between  corre¬ 
sponding  lengths  in  model  and  prototype  should  be  the  same.  Therefore, 
the  affective  column  height  and  the  diameter  of  the  core  must  be  directly 
proportional  to  maximum  column  diameter  for  this  method  to  be  applicable. 
This  proved  to  be  true  in  the  aux'y  of  underwater  explosions,  and  good 
agreement  was  obtained  between  the  scaled  surge  radius  vs  scaled  time 
curve  for  Test  Baker  at  Bikini  and  the  curves  obtained  from  high  ex¬ 
plosives  fired  at  the  same  or  similar  scaled  depths,  out  to  about  r  »  1.5 

sec/ft 1/2. 

The  radial  growth  of  the  base  surges  produced  by  underground  ex¬ 
plosions  in  the  Bugvay  dry  cl&7  tests  and  in  the  Nevada  HE  program  is 
shown  in  Fig.  4.1,  reduced  according  to  the  same  Froude  scaling  parameters 


-  50  - 

CONFIDENTIAL 

tarty  ItfwutiM 


2 


Ibid.,  pp  2-3. 


Fig*  U.l  Preliminary  Scaling  of  Radial  Growth  of  Base  Surge  in  Cry  Clay 
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Where  available,  data  far  different  round*  fired  at  the  same  scaled 
depths  vara  averaged.  As  the  ratio  of  maximum  column  height  to  maxtmaa 
dlaaatar  la  the  mm  (saa  Section  2.4)  for  charge  1  fired  at  the 
earn  scaled  depth  in  the  sane  type  of  soil,  the  corresponding  scaled 
•arcs  radius  rs  sealed  tins  curves  are  similar.  Thus  it  appears  that 
the  disaster  at  the  core  of  the  column  is  directly  proportional  to  the 
eater  disaster  for  all  charges  fired  at  the  sane  scaled  depth  in  the 
sane  soil. 

Figure  4.1  shows  a  gradual  increase  of  scaled  radial  surge  growth 
with  increasing  values  of  Xe  to  a  Maximum  at  1.02  ft/lbV3,  with  lover 
values  at  greater  scaled  depths.  This  is  consistent  with  the  measure - 
neats  of  C uax  ia  Indicating  a  high  initial  velocity  for  the  tallest 
columns.  The  later  portions  of  the  curves  show  atmospheric  effects. 

The  reason  for  t^e  apparent  inconsistency  of  the  record  for  Hound 


The  reason  for  appi 

307  (Xe  -  3.07  ft/lbl/3)  is  not  known,  hut  may  he  due  to  differences 
between  the  internal  structure  of  the  column  and  the  structure  of  the 
columns  produced  by  shallower  charges. 

As  the  above  scaling  procedure  is  not  complete,  Arons3  has  derived 
aore  generalised  Frouda  scaling  criteria,  defining  scaled  radius  as 
before  and  scaled  tine  in  the  following  manner: 


(o-CU^-r)1/2 


<*.3> 


where 


scaled  time,  sec/ftV* 


P~Po 


density  of  moving  fluid 
density  of  ambient  fluid 
maximum  column  height,  ft 
maximum  column  diameter,  ft 


^  A.  1.  Arons,  0.  A.  Young,  and  SC.  L.  Milligan,  Further  Invest i vat  ion  of 
the  Base  £.urgo.  Interim  Report  ffo.  3  of  BOL  Project  15  2,  1AV0RD  Report 
2144,  i  JunelS4?!,  pp  4-5. 
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This  more  coop  1st*  scaling  does  not  provide  for  hollow  columns  hut 
permits  the  comparison  of  records  when  density  ratios  and  column  heights 
are  varied.  Hovever,  measurements  of  radial  surge  growth  when  reduced 
In  the  *orm  of  r  vs  T  *,  should  fall  on  a  single  curve  for  all  tests  with 
the  same  ratio  of  core  to  outer  column  diameter. 

The  modified  scaling  lav  does  not  take  into  account  all  of  the 
physical  effects  of  differences  between  the  densities  of  the  moving  and 
ambient  fluids.  However,  when  applied  to  liquid  model  results 
proved  extremely  useful  in  the  study  of  the  simulated  base  surge. ^  The 
resulting  scaled  curves  are  reproduced  in  Fig.  k,2  and  show  the  follow¬ 
ing: 


(a)  For  any  given  cr  and  ratio  of  core  to  column  diameter 
(Dc/D)  there  is  a  separate  r  vs  r*  curve  embracing  the  effects  of 
variation  of  Ca.r  and  Daax* 

(b)  The  r  vs  r*  curves  show  a  lover  slope  with  decreasing 
p  (or  a)  and  Increasing  Dc/D. 

(c)  The  slope  Is  more  sensitive  to  density  changes  of  a 
fixed  value  In  the  lower  density  region. 

The  following  relation  between  r  and  r*  can  be  obtained: 


It  is  also  convenient  to  define  a  scaled  time  parameter,  which 
does  not  Include  a  density  term,  as  follows: 


(*.5) 


In  the  scaling  of  underwater  explosion,  results,  the  r  vs  t  data 
for  the  initial  portion  of  the  Bikini  base  surge  flow  was  computed, 
and  the  values  .of  r  were  multiplied  by  various  assumed  values  of 
(o'  C«n-r/Dm»Y )  .  The  resulting  curves  were  compared  with  similarly 

scaled  liquid  model  curves  and  the  agreement  of  elopes  proved  best 


h 


Ibid. p  pp  $-8. 
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Fig.  U»2  Scaled  Liquid  Model  Results 
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with  liquid  models  haying  a  water  core  ratio  of  about  0.7*  The  appropri¬ 
ate  value  of  (o~CBpX/D^iax)V2  lay  somewhere  between  0*77  and.  0.88.  Since 
dV2  was  equal  to  45.1  for  Teet  Baker,  the  corresponding  value*  of 
(<rC)4/2  for  the  Baker  column  were  between  35  and  39  •  This  permitted  a 
calculation  of  the  probable  range  of  density  and  height  of  the  Baker 
column,  and  the  estimate  was  made  that  the  ratio  of  column  density  to 
ambient  density  was  about  1.5 ,  with  an  effective  column  height  of  about 
4000  ft  and  a  core  ratio  of  about  0.7.5 

As  the  values  of  maximum  column  height  are  known  for  the  under¬ 
ground  explosion  data  plotted  In  Fig.  4.1,  a  first  step  toward  a  more 
complete  scaling  is  the  multiplication  of  the  known  values  of  t  by  the 
square  root  of  the  ratio  of  Cm**  to  D&ax  for  each  scaled  depth.  (See 
Fig.  2.8.)  As  the  measured  ratio  for  Round  HE -6  (XQ  ■  0.222)  appeared 
to  be  doubtful,  a  value  of  0.685  was  obtained  from  the  smoothed  curve 
and  substituted  for  the  recorded  ratio.  The  resulting  r  vs  r*  curvss 
are  shown  In  Fig.  4.3. 

The  separation  In  these  partially  scaled  curves  should  be  due  only 
to  differences  in  Dc/D  and  the  bulk  density  of  the  material  in  the  column 
that  forms  the  base  surge.  Neither  of  these  quantities  has  been  measured, 
bat  if  one  could  be  determined  it  might  be  possible  to  estimate  the 
magnitude  of  the  other,  for  a  particular  scaled  depth. 

If  the  assumption  is  made  that  the  diameter  of  the  core  is  equal  to 
the  true  crater  diameter,  it  is  possible  to  estimate  the  ratio  of  core  to 
outer  column  diameter  (Dc/D)  for  the  rounds  used  to  obtain  the  curves 
shown  in  Figs.  4.1  and  4.3.  The  mean  values  of  tha  ratios  of  true  crater 
diameter  to  maximum  column  diameter  given  in  Fig.  6.3  are  generally 
Intermediate  between  the  values  of  Dc/D  for  which  liquid  model  results 
are  available.  Aa  the  crater-column  ratio  la  equal  to  0.46  for  charges 
scaled  to  0.508  ft /lb1/ 3,  interpolated  liquid  model  curves  for  Dc/D  *0.46 
are  presented  In  Fig.  4.4  for  comparison  with  the  scaled  explosion  surge 
curves. 


If  column  heights,  column  diameters,  core  diameters,  and  ratios 
between  the  densities  of  the  earth  columns  and  tha  surrounding  air  were 
known  accurately,  the  scaled  curves  for  explosion  base  surge  growth  would 
be  identical  with  scaled  curves  obtained  from  geometrically  similar  liquid 
models  with  the  same  ratios  between  column  and  ambient  densities,  pro¬ 
viding  that  the  use  of  Froude  scaling  is  valid. 

This  ideal  situation  does  not  exist,  and  many  simplifying  assumptions 
have  been  made,  but  by  applying  the  trial -and -error  process  of  assuming 


5  Ibid.,  pp  12-13. 


-  65  - 

CONFIDENTIAL 

Srartty  Wsaatiw 

••  •  *•  •  e 

eases  •  see 


*  .** 


CONFIDENTIAL 

Smrity  hrftraitM 

FBOJKT  1(9) -4 


3 


-  «r  . 

CONFIDENTIAL 

Sacvtty  MnitN 

•••  •  •  i  i|  #•  •  •••  •  •••  •• 

•  e  e  e  •••  •  ••  ••  •• 

ee  e  e  •  •  •  ••••••••• 


Interpolated  Scaled  Liquid  Model  Curves  for  •  0.1|6  Ratio  of  Core  Dieaeter 

to  Column  Diameter 


CONFIDENTIAL 

Steamy  latarmriw 

FROJSCT  1(9)  ^4 


different  density  values  for  the  earth  colums  and  mult lp lying  the  raluee 
of  T '  la  Fig.  4.3  by  the  ooaqputed  raluee  of  a~  V2  it  le  possible  to 
obtain  r  re  r*  curves  for  the  explosions  to  cGscpare  with  the  liquid  nodal 
curves.  As  the  origin  of  tine  for  the  liquid  nodal  curves  In  figs.  4.2 
and  4.4  Is  the  Instant  at  vhich  the  surge  emerges  from  the  base  of  the 
when,  the  partially  scaled  curves  in  Fig.  4.3  should  be  extrapolated 
to  find  the  tine  at  vhich  the  scaled  surge,  radius  le  equal  to  0.5  and 
this  tine  used  as  the  actual  origin  for  r*. 

The  corrected  scaled  curve  for  a  scaled  depth  of  O.508  ft/lbV3  lg 
given  In  Fig.  4.$  vlth  derived  curves  for  several  possible  values  of 
column  speolflo  gravity.  The  neat  consistent  agreement  between  curves 
with  tbs  sane  density  ratio  in  liquid  model  and  prototype  occurs  vlth  an 
assuned  /o//oQ  of  about  1.9-  This  vould  Indicate  that  the  aerosol  in  the 
earth  column  vhich  contributes  to  the  formation  of  the  base  surge  has 
about  1.9  times  the  density  of  the  surrounding  air,  whan  high  explosive 
chargee  are  fired  at  a  scaled  depth  of  about  Go  ft/lbl/3. 

The  mean  scaled  radius  vs  scaled  time  data  for  this  value  of  k  c 
was  obtained  from  measurements  of  Rounds  304,  HZ-3,  315 >  and  318.  Atmos¬ 
pheric  density  was  computed  for  the  tine  of  firing  of  these  rounds,  using 
meteorological  data  obtain?.!  at  Dugvay®  and  Hevada,?  and  vas  found  to  be 
0.0657,  0.0632,  0.0645,  end  0.0632  lb/cu  ft  respectively.  In  accordance 
vlth  the  density  ratio  of  1.9  obtained  i'rca  the  comparison  of  scaled 
aurves,  the  bulk  densities  of  the  aerosols  In  the  columns  were  approxi¬ 
mately  0.125  ,  0.120,  0.123;  end  0.120  lb/cu  ft.  Using  mean  densities  of 
0.122  lb/cu  ft  for  columns  and  0.0642  lb/cu  ft  for  the  atmosphere,  and 
the  column  dimensions  presented  previously,  it  is  possible  to  compute  the 
approximate  weight  of  finely  divided  soil  In  the  columns  formed  by  these 
zounds  that  produced  the  base  eurge.  These  values  are  listed  In  Table  4.1. 


^  Tw>trumantatlon  for  Underground  Explosion  Teat  Program,  Interim  Technical 
Report  lo.  1,  Dry  Clay,  Engineering  Research  Associates,  Inc. ,  Contract 
lo.  DA-O4-l67-eng-290,  1  Aug.  1951,  PP  4-9  to  4-65. 

T  D.  C.  Campbell,  LCDS,  05 If,  Tests  and  Observations  on  Craters  and  Base 
Surges,  JAFGUB  Report  l(9)-3,  1  Hov.  1951. 
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TABU  k.l 


htlitod  Heights  of  Soil  in  Bom  Surges  foe  Bounds 
Tlrod  tt  a  Sealed  Depth  of  0.5  ft/lbV3 


The  relation  between  weight  of  soil  In  the  column  aerosol*  produced 
by  charges  fired  at  Ae  ■  0.5  ft/lbV3  and  oharge  weight  nay  be  expressed 
la  the  following  manner i 


■  «  77At°-®33  (xo  -  0.5  ft/lbV3)  (b.6) 


where  8  •  weight  of  soil  that  forms  the  base  surge,  lb 
V  ■  oharge  weight,  lb  (TIT) 

The  scaled  curves  f«r  A0  ■  1.02  and  0.295  ft/lb^/3  given  In  Fig.  h.5 
are  similar  to  the  curve  for  Ae  ■  0.508  ft/lbV3  to  a  scaled  surge  radius 
of  about  3*0,  and  the  ratios  of  true  crater  diameter  to  eaiigua  column 
diameter  are  not  greatly  different.  Therefore  the  ratio  of  the  bulb 
density  of  the  column  aerosols  to  atmospheric  density  for  charges  at  these 
scaled  depths  Is  probably  approximately  equal  to  2.0  also.  In  rlew  of  the 
scarcity  of  data  at  thasa  scaled  depths  and  the  assumptions  necessary  in 
the  application  of  the  scaling  method,  an  attempt  to  compute  the  density 
ratio  more  closely  would  not  be  Justified. 

The  shapes  of  the  curves  and  probable  values  of  D  /D  Indicate  that 
the  column  and  Initial  surge  density  Increase  with  increasing  charge 
depth.  The  Inconsistency  of  the  scaled  curve  at  A.  ■  3. Of  ft/lbl/3 
Indicates  that  this  scaling  method  is  not  applicable  at  relatively  great 
depths,  without  additional  knowledge  of  column  structure. 

The  rapid  decrease  in  the  elope  of  the  scaled  curve  for  a  A0  value 
of  0.137  ft/lbV3  In  Fig.  b.3  Indicates  that  frictional  drag  becomes 
effective  very  soon  after  the  base  surgo  forma  at  this  scaled  depth.  A 
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■or*  elaborate  scaling  technique  null  be  required  to  study  this  type  of 
flov. 

Sh*  relatively  straight  curve  for  Xe  “  s*ro  shovs  that  ths  gravity 
flov  Is  relatively  brief  sad  Ineffective  and  that  almost  all  of  the 
grovth  of  ths  surge  cloud  at  this  shallow  position  is  probably  due  to 
turbulent  -in ng  with  the  surrounding  air. 

h.3  agtnjjUTT  to  ubdervater  results 

It  Is  of  Interest  to  note  that  the  r  vs  r  curves  for  underground 
emissions  at  Xc  ■  O.508  agree  very  closely  with  the  scaled  curve  for 
the  grovth  of  the  base  surge  produced  by  the  underwater  atonic  test 
(Baker)  at  Bikini  out  to  about  r  ■  2.0.  The  base  surge  formed  by  the 
underwater  atomic  explosion  expanded  at  a  relatively  slower  rate  fron 
there  on. 

drone'  estimate  of  a  column  density  of  1.5  times  the  density  of 
the  surrounding  air  for  Test  Baker  and  the  estimate  by  Martin  end  Hoyce® 
of  a  p/po  of  1.7?  for  the  sane  test  ere  not  significantly  different  fron 
the  fifp&  value  of  1.9  calculated  for  the  soil  columns  produced  at  a 
scaled  depth  of  O.508  ft/lbl/3. 

These  results  Indicate  a  similarity  between  the  physical  processes 
of  base  surge  formation  by  underwater  end  underground  explosions  sad  show 
that  liquid  modal  experiments  can  b#  used  successfully  In  ths  study  of 
hath  types.  Thus j  theoretical  end  experimental  results  obtained  In  the 
Investigation  of  one  font  of  surge  will  be  of  value  In  the  study  of 
analogous  phases  of  ths  other. 


J.  0.  Martin  and  V.  J.  Moyee,  "An  Experimental  Study  of  the  Collapse  of 
Hold  Columns  on  a  Rigid  Sorisontal  Plane,  in  a  Medium  of  Lover,  but 
Canp arable.  Density1*,  Philosophical  Transactions  of  the  Royal  Society  of 
London.  Series  A,  16.  &J2,  Vol  2U,  k  March  1952,  p  333- 
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CHAPTER  $ 

AREA  Of  DUST  DEPOSIT 


5.1  AMALY3I8  OF  DATA 

The  Armour  Re  Mar  eh  foundation  of  tha  Illlnola  Institute  of  Tech¬ 
nology  investigated  tha  dispersion  of  duat  from  underground  explosions 
at  Dugvay  under  subcontract  to  Engineering  Research  Associates,  Inc.1 
As  part  of  the  Instrumental  program,  settlement  gages  were  placed  at  a 
mmtber  of  points  surrounding  the  explosion  sites.  In  order  to  obtain  a 
record  of  dust -fall  distribution  by  velght.  Polar  graphs  of  settlement 
data  vere  presented  In  Interim  Technical  Reports  Eo.  1,2  2,3  and  3^ 
shoving  lines  of  constant  dust-fall  weights  around  the  point  of  the 
explosion  for  thres  types  of  soil.  The  lines  represent  values  of  0.5* 
1.0,  5.0,  10,  50,  100,  500,  1000,  3000  end  6000  grans  per  square  meter. 


In  moat  cases  the  graphs  shoved  a  roughly  circular  dust  distribu¬ 
tion  around  the  crater  with  a  tongue  of  deposited  dust  extending  dovn- 
vind.  Considerable  smoothing  and  extrapolation  vere  necessary  In  ths 
preparation  of  the  charts;  and  the  sice  and  shape  of  the  areas  of  dust 
fall  and  the  uniformity  of  dust  coverage  vere  greatly  affected  by  vlnd 
end  atmospheric  turbulence.  Because  of  thece  effects,  tha  data  presented 
are  subject  to  considerable  scatter  end  ere  not  always  coop  arable,  but 
are  considered  adequate  fox  shoving  the  important  trends. 


Although  these  data  represent  total  dust  deposit  fren  the  radial 
throvout  and  all  parts  of  tha  dust  cloud,  the  maxim  pi  extent  of  deposit 


1  Instrumentation  for  Underground  Explosion  Test  Program,  Interim 
Technical  Report  No.  1,  Dry  Clay,  Engineering  Research  Associates,  Inc . , 
Contract  Ho.  DA-Ol*-l67-eng-298,  1  Aug.  1951,  PP  4-1  to  4-7. 

2  Ibid.,  pp  4-86  to  4-108. 

3  Instrumentation  for  Underground  Explosion  Test  Program,  Interim 
Technical  Report  Ho.  2,  Dry  Sand,  Engineering  Research  Associates,  Inc., 
Contract  Ho.  DA-04-167-eng-29S,  1  Oct.  1951,  pp  4-47  to  4-57. 

^  Instrumentation  for  Underground  Explosion  Test  Program,  Interim 
Technical  Report  Ho.  3,  Wet  Clay,  Engineering  Research  Associates,  Inc., 
Contract  Bo.  DA-Ok-l67-eng-29B,  1  Hov.  1951,  PP  4-31  to  4-37. 
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probably  coincides  closely  with  the  Unit  of  radial  surge  growth  along 
the  ground,  except  possibly  In  the  downwind  direction  vhen  the  uppei*  vlnds 
are  strong.  As  the  determination  of  the  absolute  boundaries  of  dust -fall 
is  probably  Impossible,  particularly  vhen  a  small  amount  of  airborne  dust 
is  present,  greater  objectivity  is  attained  by  measuring  the  area  con¬ 
taining  a  dust  deposit  equal  to  or  greater  than  acne  fixed  lov  value.  It 
seems  Justified  to  assume  that  the  area  enclosed  by  a  line  of  lov  duet- 
fall,  such  as  0.5  grams  per  square  meter,  is  closely  related  to  the  sixe 
of  the  surge  cloud.  However,  correlating  these  dust  data  vlth  surge 
extent  is  not  valid  vhen  the  base  surge  is  relatively  small  and  poorly 
defined,  as  occurs  vlth  shallow  charges  (scaled  depths  less  thsn 
0.2  ft/lbl/3). 

To  ccnqpare  these  data  vlth  the  base  surge  analysis,  the  areas  in¬ 
side  the  lines  representing  dust  deposits  of  0.5  and  50  grams  per  square 
meter  were  measured  at  HOL  vlth  a  plant  meter,  using  the  A.R.F.  analysis. 
The  areas  obtained  from  the  A.R.F.  charts  are  listed  in  Table  5.1.  Data 
for  the  320  lb  and  2560  lb  charges  are  shown  in  Fig.  5*1  as  a  function  of 
scaled  depth  (  Ac).  The  plotted  data  for  the  320  lb  dry  clay  and  dry 
■and  series  are  consistent  vlth  base  surge  growth  data  in  shoving  the 
greatest  area  of  deposit  vhen  Ac  -  1.0. 

Chargee  fired  in  dry  sand  produced  greater  areas  of  dust-fall  than 
charges  fired  at  the  same  scaled  depths  in  dry  clay,  and  the  two  data 
points  for  Rounds  402  and  404  indicate  that  charges  fired  in  vet  clay 
yield  the  smallest  areas  of  dust-fall.  These  results  are  consistent  vlth 
base  surge  measurements  and  support  the  hypothesis  that  dry  sand  is  the 
most  favorable  of  the  '.hree  Dugvay  soils  for  producing  a  base  surge  and 
vet  clay  the  least. 

The  relatively  large  areas  for  Rounds  102  and  302  can  not  be  con¬ 
sidered  to  represent  surge  growth  but  are  due  chiefly  to  the  broad  duet 
column  of  low  density  which  fell  slowly  and  were  easily  transported  by 
the  wind. 


A  careful  analysis  of  data  freer  a  dense  network  of  settlement  gages 
should  show  a  heavy  fallout  of  large  particles  near  the  crater  and  in  the 
dovmrlnd  path  of  the  Jet  and  column  and  a  more  uniform  light  deposit  in 
the  area  traversed  by  the  surge.  A  complete  analysis  of  this  type  is  not 
possible  with  the  available  data,  but  a  plot  of  deposit  weights  against 
area  for  Bounds  309  and  312  (  A  c  ■  O.512)  on  rectilinear  graph  paper  shows 
a  pronounced  change  in  slope  between  the  dust -fall  values  of  10  and  50 
grams  per  square  meter.  Assuming  that  the  30  gram  per  square  meter  line 
marked  the  approximate  extent  of  the  heavy  vertical  fallout  from  the  Jet 
and  column,  the  data  show  that  this  fallout  accounted  for  less  than  15)1 
of  the  total  area  of  deposit  In  both  cases.  At  this  scaled  depth,  the 
passege  of  the  surge  cloud  and  the  gradual  settlement  of  finer  particles 
from  the  Jet  end  smoke  crown  probably  were  responsible  for  over  85)1  of 

-  63  - 

CONFIDENTIAL 

Slant}  hrfmtiM 

••  see  e  e  •  ••  ••  e  •••  •  see  •• 

see  see  •••  *  #e  •  •  •• 

eeeee  •  ••••••••• 


t 


of  Dust  Deposit  for  Dugmy  Underground  Explosion  Vesta 


PROJECT  1(9) -4 


1 


CONFIDENTIAL 

Stcaritj  lattnubn 


-  64  - 

CONFIDENTIAL 

Sacartty  lafinubaa 


AREA  OF  OUST -FALL  (SQ.FT) 
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Fig.  5*1  Area  of  Dust-Fall  m  0.5  gm/sq  m  vs  Scaled  Charge  Depth 
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$.2  METEOROLOGICAL  ETTECTB 

The  available  data  are  not  adequate  for  a  complete  study  of  the 
effects  of  wind  and  a'teoapharle  stability  on  tha  dispersal  of  the  various 
parts  of  tha  surfaoa  phenomena  and  tha  consequent  areas  of  dust-fall, 
hat  son*  purely  qualitative  results  can  be  obtained. 

In  general,  an  Increase  in  wind  spaed  Indicates  a  decrease  In  the 
area  traversed  by  tha  surge  cloud,  and  an  increase  in  the  area  of  fall¬ 
out  froa  tha  column.  This  effect  Is  shovn  by  the  data  in  Table  5*1  Tor 
Bounds  304,  510,  and  313  (320  lb  charges  at  a  3*3  ft  depth  in  dry  clay; 

Kq  ■  0.512  ft/lbl/3),  assuming  that  tha  area  covered  by  more  than  50 
grams  per  square  aster  of  dust  Is  roughly  indicative  of  the  fallout 
region  and  tha  area  between  tha  0.5  and  50  grass  per  square  meter  lines 
Is  representative  of  tha  base  surge  settlement. 

Tha  sane  affect  appears  for  Rounds  309  and  312,  both  2560  lb 
charges  fired  at  a  7  ft  depth  in  dry  clay  ( A0  ■  0.512  ft/lbV3) .  Rounds 
309  end  312  were  fired  with  7  end  24  mph  surface  -winds  respectively.  7or 
Shot  309  the  line  of  0.5  gram  per  square  meter  dust-fall  enclosed  a  broad 
tongue  extending  9^30  ft  downwind  froa  the  crater  with  a  total  area  of 
1*37  sq  al,  while  Shot  312  produced  a  relatively  narrow  tongue  with  the 
sene  dust-fall,  extending  7390  ft  downwind  and  Including  a  total  area  of 
0.469  sq  ml.  In  this  case  the  area  covered  by  dust  weighing  0.5  grams 
per  square  meter  or  more  was  about  three  times  as  great  with  a  relatively 
light  wind  as  witn  a  strong  wind.  However,  the  area  of  heavy  dust-fall 
was  greater  for  312  than  309,  Indicating  a  greater  uniformity  of  deposit 
with  the  stronger  wind.  The  distribution  of  dust -fall  by  weight  for  both 
rounds  Is  shown  in  Tig.  5*2. 

These  results  are  consistent  with  the  experience  of  the  Chemical 
Warfare  Service  in  the  study  of  the  behavior  of  clouds  of  heavy  toxic 
gases. 5  The  CVS  data  show  a  decrease  In  contaminated  area  with  In¬ 
creasing  wind  speed  but  also  show  a  dependence  upon  atmospheric  stability. 
At  the  same  wind  speed,  contaminated  areas  are  greater  when  the  air  le 
stable  then  when  It  Is  unstable.  The  effect  of  wind  speed  on  deposit 
area  Is  greater  when  the  air  Is  stable. 


^  W.  M.  Latimer,  "Behavior  of  Gas  Clouds",  Military  Problems  with  Aerosols 
sad  locperslstent  Gases ,  Sunniary  Technical  Report  of  Division  10,  iuXRCf, 

Vol  1,  Washington,  D.  C.,  1946,  pp  260-283 • 
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Ai  the  correlation  of  areas  of  dust -f all  frcn  underground  ex- 
flotloai  with  a  slngla  observation  of  rind  speed  Is  an  oversimplifi¬ 
cation,  It  will  be  helpful  to  examine  the  ch&raoter  of  the  wind  and  the 
gaaeral  state  of  local  weather  for  Bounds  309  aal  312  In  order  to  gain 
scat  Insight  into  the  character  of  atmospheric  stability  and  turbulence 
when  the  charges  were  fired. 

Bound  309  was  exploded  at  1106:30  M3T  on  lfl  April  1951.  The 
surface  wind  direction  varied  frca  llu)°  to  50°  about  the  tine  of  the 
shot  but  a  pilot  balloon  ascension  after  the  burst  indicated  a  surface 
Wind  from  260°  at  7  nph  and  a  1000  ft  wind  from  260°  at  6  nph.  The  0.  3. 
Heather  Bureau  Dally  Veather  Hap  shoved  a  weak  lev  pressure  area  In  the 
Utah  region  on  Ifl  April,  vith  shavers  and  thunderstorms  starting  In  tha 
late  evening.  These  wind  and  veather  conditions  shov  a  slowly  varying 
light  vlnd  and  probable  thermal  Instability  In  tho  Dugvay  region. 

Bound  312  van  fired  at  1621:20  MST  on  k  Hay  1951.  The  surface 
vlnd  Instruments  vere  not  operating  but  a  pilot  balloon  ascension  at 
1322  MST  showed  a  surface  vlnd  from  180°  at  30*  nph  and  a  1000  ft  vlnd 
frost  190°  at  hO  aph.  After  the  shot  no  release  vas  made,  due  to  the 
high  and  gusty  surface  vlsda.  The  photographs  of  the  shot  shov  an 
altocumulus  overcast  at  Dugvay.  The  gust  Inass  and  pronounced  vlnd  shear 
In  tha  vertical  ccaablned  vith  the  overcast  sky  Indicate  considerable 
mechanical  turbulence  vith  little  or  no  thermal  instability. 

The  fluctuations  of  vlnd  velocity  Indicate  directly  the  turbulent 
motion  of  the  atmosphere  and  provide  Information  on  the  nature  and  slse 
of  the  eddies  which  fora  In  the  turbulent  air.  In  general  tha  lew 
frequency  c opponents  of  tbs  velocity  fluctuations  indicate  large  diameter 
eddlea  and  tha  higher -frequency  components  represent  small  eddies,  or  those 
la  more  rapid  eddy-motion.  °  The  dispersal  of  a  particulate  cloud  depends 
upon  tbs  relative  else  of  the  p  red  real  riant  eddlea. 

The  wind  data  and  probable  vertical  convection  on  the  day  Round 
309  was  fired  Indicate  tha  presence  of  relatively  large,  slowly  -moving 
eddies,  which  vere  able  to  disrupt  the  dust  cloud  after  gravitational 


*  The  value  of  2h  mph  assigned  to  tha  time  of  tha  shot  vas  obtained  by 
trlangulatlan  of  the  dust  cloud  movement  shown  by  E.R.A.  still  photo¬ 
graphs. 

*  8.  V.  Qrinnell,  W.  A.  Perkins  and  f .  X.  Wabster,  Bimonthly  Report  Ho. 
of  c>mnHcal  Warfare  Service  Rasa  arch  and  Development,  Program,  Contract 
Bo.  V-1&-035-CVS-1256,  Stanford  Univ.,  Calif.,  May  -  June  1946,  p  26. 
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flaw  bad  cffcctiYAly  ceased  and  spread  It  over  a  Tide  area.  The  path  of 
•a  airborne  particulate  cloud  it  difficult  to  predict  In  this  type  of 
Meteorological  condition.  The  atnospherle  eddies  on  k  Nay  were  probably 
snaller  than  the  Bound  312  dust  cloud  and  did  not  bare  the  sane  effect. 

The  base  surge  and  resulting  dust  clouds  for  Rounds  309  and  312 
are  shown  in  Fig.  9.3.  The  Jet  produced  by  Shot  309  rose  to  a  great 
height  and  be  cane  diffuse,  contributing  only  part  of  Its  notarial  to 
the  base  surge.  The  surge  cloud  ultlnately  rose  from  the  ground  and 
gradually  nixed  with  the  air.  Bie  Jet  froa  Bound  312  was  shorter  and 
fall  rapidly,  probably  contributing  all  of  Its  aster  1  el  to  the  base 
•urge,  which  grew  at  an  exceptionally  fast  rata  and  tended  to  hug  the 
ground  surface  without  rising  appreciably.  The  strong  wind  and  turbu- 
lenca  caused  a  nore  uniform  distribution  of  dust  than  for  Rtjusd  y  \ 

Jet  height  and  surga  radius  for  tha  two  rounds  are  shown  as 
functions  of  tins  In  Tig.  3.11. 
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ROUND  309  ROUND  3t  2 

SURFACE  WIND  '  7  MPH  SURFACE  WIND  =  24  WPh 

CHARGE  WEIGHS  ■  2£60  ^ 

CHARGE  DEPTH  ’  7.0  FT 
SCALED  DEPTH  -  0  512  FT/LB '/s 

Wg.  5.3  Effect  of  Wind  Speed  on  Surface  Phenomena 
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CHAPTER  6 


CRATER  AHALIBI3 


6.1  HfPECT  OF  SCALED  CHARGE  DEPTH  OH  CRATER  DJMES3I0B3 

A  study  of  the  also  of  tbs  true  and  apparent  craters  formed  by 
underground  explosions  gives  sons  Insight  into  the  mechanism  of  ejection 
of  soil  Into  tbs  air  and  Its  subsequent  fall-back.  In  particular,  the 
weight  of  soil  that  enters  the  airborne  dust  cloud  can  be  estimated 
fairly  directly  by  using  crater  dimensions. 

Crater  measurements  for  the  Dugvay  Tests  ware  obtained  from  E.R.A. 
Interim  Technical  Reports  Ho.  1,1  2,2  and  3^  and  data  on  the  Nevada 
high-explosive  tests  from  JANGIJ5  Report  l(9)*3,  by  LCDR.  D.  C.  Campbell.1* 

To  study  sens  of  tbs  effects  of  charge  weight  and  depc-,  the 
assumption  can  be  made  that  the  volume  of  the  apparent  crater  remaining 
after  a  charge  is  fired  Indicates  the  approximate  amount  of  soil  that  is 
sjected  frem  the  crater  and  enters  the  column,  Jet,  smoke  crown,  and 
base  surge.  Inaccuracies  are  Introduced  by  changes  In  soil  density,  and 
probably  only  a  small  percentage  of  this  ejected  soil  remains  aloft  for 
■ore  than  a  few  seconds,  but  a  comparison  of  the  soil  volumes  ejected  at 
different  scaled  depths  gives  an  Indication  of  the  relative  effective¬ 
ness  of  various  charge  positions  for  producing  dust-cloud  phenomena.  The 
amount  of  soil  falling  directly  back  into  the  crater  and  lip  can  be 


1  instrumentation  for  Underground  Explosion  Teat  Program,  Interim 
Technical  Report  Ho.  1,  Dry  Clay,  Engineering  Research  Associates,  Inc., 
Contract  Ho .  DA-04 -IbT -eng -258 7  1  Aug.  1951,  PP  2-12. 

*  instrumentation  for  Underground  Explosion  Teat  Proaraa,  Interim 
Technical  Report  Ho.  2,  Dry  Send.  Eagl nearing  Research  Associates,  Inc., 
Contract  ifo .  t>A-04-I67-eng-«15d ,  1  Oct.  1951,  PP  2-18. 

3  Instrumentation  for  Underground  Explosion  Test  Program,  Interim 
Technical  Report  Ho.  3,  Wet  Clay.  Engineering  Research  Associates,  Inc., 
Contract  Ho.  DA-04 -l67-eng-258,  l  Hov.  1951,  pp  2-8. 

^  D.  C.  Campbell,  LCDR,  D3H,  Tests  arl  Observations  on  Cra^rs  and  Base 
Burges .  JAXQLE  Report  l(9)-3,  1  Hov.  1951* 
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estimated  by  obtaining  tha  difference  between  the  real  and  apparent 
erater  ml  ini  the  lip  volume ,  but  It  la  assumed  that  this 

direct  fall -back  ban  a  negligible  effect  on  the  surface  flov  phenomena. 

figure  6.1  la  a  plot  of  apparent  crater  volume  vs  scaled  depth 
and  shove  a  maximal  volume  of  about  Ac  ■  1.0  ft/lbl/3  for  320  lb  charges 
fired  In  dry  sand.  The  remaining  data  Is  consistent  in  shoving  a 
similar  trend  for  greater  charge  velghte  but  does  not  cover  a  sufficient 
range  of  depth  to  Indicate  a  maximal  value. 

A  second  vay  of  assessing  the  effectiveness  of  a  charge  in  producing 
an  airborne  dust  cloud  la  to  examine  the  ratio  of  the  depth  of  the  ap¬ 
parent  crater  to  the  charge  depth.  As  shown  In  Fig.  6.2,  the  apparent 
crater  depth  is  considerably  greater  than  charge  depth  for  shallow  shots, 
but  becomes  equal  to  charge  depth  at  scaled  depths  somewhat  greater  than 
1.0  ft/lbV3  and  decreases  to  considerably  less  than  charge  depth  for 
deeper  charges,  particularly  In  dry  clay.  Physically,  this  Indicates 
that  with  deeper  charges,  ouch  of  the  soil  in  the  column  and  Jet  drops 
back  Into  the  relatively  deep  true  crater  and  remains  there. 

Zt  In  of  Interest  to  coop  are  the  ratios  of  the  diameter  of  the 
true  crater  to  maximum  column  diameter,  as  the  true  crater  may  indicate 
the  size  of  the  rising  Jet.  Fig.  6.3  shows  that  the  column  Is  about 
twice  the  crater  size  for  charges  fired  between  scaled  depths  of  0.135 
and  1.02  ft/lbl/3,  but  approaches  crater  diameter  when  charges  are 
fired  at  deeper  positions.  Whan  tha  column  expands  only  slightly  be¬ 
yond  the  limits  of  the  crater,  much  of  the  falling  soil  will  drop  down 
into  the  crater  and  remain  there.  For  scaled  depths  greater  than 
Ac  ■  3*07  ft/lbl/3,  column  diameter  probably  becomes  equal  to  crater 
diameter,  to  the  maximum  depth  at  which  craters  will  form  (about 
Ac  -  5.0  ft/lbV3).5 

Probably  the  optimum  condition  for  base  surge  formation  is  obtained 
whan  the  rising  column  attains  a  diameter  twice  the  crater  diameter,  at 
about  A0  •  1.0  ft/lbl/3.  When  the  charge  Is  very  shallow,  the  relatively 
vide  column  formed  has  a  bulk  density  too  low  to  set  up  the  pronounced 
density  current  needed  for  the  formation  of  a  large  clearly-defined 
base  surge. 

The  crater  measurements  presented  hare  are  consistent  with  the 
measured  areas  of  dust  deposit  in  Indicating  that  a  maximum  volume  of  air¬ 
borne  soil  is  prod  viced  by  a  charge  fired  at  a  scaled  depth  of  about 


5  C.  W.  Lampion,  "Underground  Explosions",  Appendix  B,  The  Effects  of 
Atomic  Weapons.  U.  S.  Atomic  Energy  Caa&lsslon,  Washington,  D.  C.,  Sept. 
1950,  p  421. 
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0  0.5  1.0  1.5  2.0  2.5  3.0  3.5 


SCALED  CHARGE  DEPTH  Xc  (  FT/ LB  '/3>  (  TNT) 

Pig.  6.2  Ratio  of  Apparent  Crater  Depth  to  Charge  Depth  vs  Scaled  Charge 

Depth 
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Xo  -  l.o  ft/lbl/3. 

IB  these  studies,  the  *  irgest  craters  were  produced  la  wet  clay. 
Indicating  that  crater  else  alone  Is  not  a  good  criterion  of  the  ef¬ 
fectiveness  of  the  charge  in  producing  a  base  surge.  Crater  site  will 
aid  1a  the  estimation  of  the  amount  of  soil  raised  into  the  air,  but 
the  behavior  of  the  ejected  soil  depends  upon  its  physical  character¬ 
istics,  such  as  moisture  content,  particle  else  and  cohesiveness. 
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Tbs  siu  and  rate  of  growth  of  the  bate  surge  produced  by  an  under 
ground  explosion  is  obviously  dependent  upon  the  nature  of  the  soil.  Th 
amount  of  data  available  is  not  adequate  for  a  quantitative  study  of  the 
■oil  effect,  but  the  records  of  the  Dugvay  series  in  three  soil  types 
indicate  that  veil-developed  surges  are  formed  in  dry  sand,  dry  clay, 
and  vet  clay,  vith  the  largest  surge  clouds  resulting  frca  the  dry  sand 
tests  and  the  smallest  frca  the  vet  clay.  The  surge  clouds  produced  in 
the  Bevada  high  explosive  tests  were  similar  to  those  in  the  Dugvay  dry 
day  rounds,  though  the  soil  appeared  to  be  a  mixture  of  limestone,  sand 
and  clay.l 

It  may  be  significant  that  the  seismic  velocities  ranged  frca  750 
to  2000  fpa  at  the  dry  sand  site,2  frcm  2500  to  3500  fps  at  the  dry  clay 
site. 3  *nS  frca  5000  to  6000  foe  in  the  vet  ela.'v.k  The  seismic  velocity 


site, 3  and  frca  5000  to  6000  fps  in  the  vet  clsyJ 
at  the  Bevada  test  site  vas  3000  fps. 5 


1  B.  D.  Cedis  end  A.  G.  Wilder,  Ccaaposltlon  of  Clouds  Foraed  by  TOT 
plosions.  (HE  Tests -Operation  JAIIGLS ) ,  Technical  Report  flo.  3.  Stanford 
search  Institute,  Stanford,  Calif.,  ONR  Project  HB  350-023,  SRI  Project 
412-317,  Oct.  1951,  p  5. 


2  Instrumentation  for  Under 


losion  Test  Program,  Interim 


Technical 


liS&ZES 


.2,  Dry  Sand.  Engineering  Research  Associates,  Inc., 
4-167 -eng-2957*l  Oct.  1951,  P  2-19- 


losion  Tests,  Pro 


Teats  in  Soils,  Protective 


Engineering  Research  Associates,  Inc., 
,  1  Bov.  1951,  pp  2-49  to  2-51. 


Operation  JAITGLE,  Project  l(9),  Stanford 
Research  Institute,  Stanford,  Calif.,  Oct.  1951,  p  3. 
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It  appears,  therefore,  that  the  size  of  the  base  surge  formed  by  an 
underground  explosion  Is  related  Inversely  to  the  velocity  of  propagation 
of  seismic  waves  in  the  soil.  This  seems  reasonable,  as  heavy  plastic 
wt  clays  are  good  transmitters  of  seismic  waves  vnJle  light  loamy  soils 
are  very  poor  in  this  respect.”  The  highly  cohesive  clays  do  not  sepa¬ 
rate  easily  Into  the  fine  particles  needed  to  establish  a  downward  densi¬ 
ty  current  and  radial  base  surge,  while  the  powdery  low-cohesive  soils 
are  favorable  for  the  formation  of  such  a  density  flow  and  the  develop¬ 
ment  of  a  light  particulate  cloud  which  will  propagate  for  a  long 
distance.  Jn  general,  wet  soils  would  be  less  suited  to  base  surge 
formation  than  dry  soils. 

Thus,  the  available  data  Indicate  that  a  single  soil  character¬ 
istic  -  the  seismic  velocity  -  might  be  used  as  an  Indicator  of  the 
probable  success  of  a  soil  type  as  a  base  surge  producer.  If  this  point 
of  view  is  correct,  a  soil  type  such  as  dry  loess  "ould  be  one  of  the 
most  favorable  for  the  production  of  a  large,  long -persisting  base  surge. 


^  C.  W.  Lamp  son,  "Underground  Explosions",  Appendix  B,  The  Effects  of 
Atomic  Weapons,  U.  3.  Atomic  Energy  Ccsnaission,  Washington,  D.  C. , 
Sept.  1950,  pp  410-416. 
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CHAPTER  8 


EFFECT  Or  CHARGE  SIZE 

8.1  GEHERAL 

The  data  presented  In  this  report  vere  obtained  fras  records  of 
TK  explosions.  Results  vere  fairly  consistent  for  similar  soil  types 
and  scaling  was  generally  satisfactory  for  charges  weighing  frost  320  tc 
320,000  lb  at  scaled  depths  ranging  frcn  0.105  to  2.05  ft/lbl/3. 

However,  the  simple  scaling  methods  used  vere  not  adequate  for  very 
shallow  and  very  deep  charges  and  possibly  would  not  apply  outside  the 
range  of  weights  vised.  In  addition,  the  possibility  exists  that  ex¬ 
plosives  other  than  TOT  might  produce  somewhat  different  surface 
phenomena,  due  to  differences  in  explosion  products,  energy  per  unit 
volume ,  heat  of  detonation,  or  other  factors. 

The  effects  of  charge  size  and  shape  might  become  Important  for 
shallow  explosions,  when  part  or  all  of  the  charge  Is  exposed  to  the  aLir 
at  detonation.  The  scaled  depth  of  0.135  ft /lb1/ 3  is  probably  transition' 
al  for  spherical  TUT  charges,  because  the  top  of  the  charge  is  tangent 
to  the  surface  of  the  ground  at  this  position.  The  characteristics  of 
the  surface  phenomena  change  markedly  In  this  shallow  zone,  and  the 
base  surge  becomes  very  tenuous  and  difficult  to  detect,  though  a  true, 
but  weak,  density  flow  exists  at  Ac  -  0.135  ft/lbl/3. 

The  else  and  rate  of  gruvth  of  a  baae  surge  depend  upon  the  volume 
of  earth  ejected  fraa  the  ground  and  the  size  and  concentration  of  the 
soil  particles  In  the  earth  column.  As  shown  In  Fig.  8.1,  the  volume  of 
the  true  crater  decveaaes  rapidly  with  decreasing  charge  depth  In  the 
shallow  range,  indicating  that  considerably  less  soil  Is  thrown  Into  the 
air  by  shallow  charges,  and  the  relatively  vide  columns  at  Ae  ■  zero 
Indicate  that  the  soil  particles  are  widely  separated. 

The  lack  of  a  soil  covering  above  the  charge  probably  reduces  the 
efficiency  of  the  explosion  aa  a  producer  of  a  baae  surge,  though  It 
should  not  be  Inferred  that  only  the  soil  above  the  charge  enters  the 
base  surge.  Visual  study  of  the  films  of  underground  explosions  shows 
that  the  ground  surrounding  a  charge  Is  lifted  Into  an  earth  column 
which  drops  and  flows  outward  to  form  the  baae  surge.  The  earth  directly 
above  the  charge  Is  probably  carried  upward  by  the  rising  jet. 

The  effect  of  the  thickness  of  the  earth  covering  (overburden) 
above  a  charge  might  be  determined  by  firing  explosives  with  a  greater 
energy  per  unit  volume  than  TOT  at  the  same  scaled  depths  as  the 
equivalent  TOT  charges.  Another  possible  experimental  approach  would  be 
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the  use  of  a  series  of  TOT  charges  of  different  shapes  but  the  sane 
weight,  with  the  center  of  gravity  at  the  saae  depth. 

If  an  explosive  with  the  equivalent  energy  of  a  charge  of  TOT,  but 
In  sice,  produces  a  crater  equal  In  size  to  the  TOT  crater,  it 
■lght  be  assumed  that  the  additional  volume  of  soil  displaced  vould  favor 
the  formation  of  a  larger  surge.  However,  within  the  range  of  energy 
density  of  conventional  high  explosives,  differences  In  charge  volume 
are  Insignificant  when  compared  to  the  total  volume  of  soil  ejected 
frcn  the  crater. 


8.8  CCHPARISOI  07  TBT  AHD  PEOTOLITE 

A  test  of  the  effect  of  charge  volume  on  the  base  surge  was 
conducted  as  psrt  of  the  HE  program  at  Eeveda.l  The  experiment  con¬ 
sisted  of  simultaneous  detonations  of  21 6  lb  of  TOT  and  ITT  lb  of 
Fantollte,  with  equivalent  energies,  fired  st  scaled  depths  of  O.ldl, 
0.139,  and  0.500  ft/lbl/3.  (See  Table  1.2.) 

Bound  HE -8  (Ac  •  0.l8l)  was  not  satisfactory,  due  to  Inadequate 
priming  of  the  TOT  charge  and  an  anomalous  behavior  of  the  Pen  to  11  te  jet, 
which  rose  to  an  exceptionally  great  height. 

Bounds  HE -9  (  A  c  ■  0.139)  and  HE -10  (  Ac  ■  0.500)  produced  clearly 
defined  base  surges.  Tbs  surge  radii  and  heights  are  given  in  Pigs.  8.2 
and  8.3,  and  overall  heights  are  shown  in  Fig.  8.4,  as  functions  of  tlms. 
tkurioothed  surge  data  is  shown  for  both  shots,  and  two  camera  records  are 
gl.en  for  HE -9,  to  Illustrate  the  degree  of  scatter  and  lack  of  con¬ 
sistent  trends.  There  appears  to  be  no  significant  difference  between 
the  radial  growth  and  extent  of  the  surge  clouds  produced  by  the  two 
explosives,  but  considerable  difference  appears  in  the  growth  of  the  Jet. 
The  panto  11  te  Jets  rose  to  greater  heights  in  both  cases  and  were  whitish 
in  appearance,  while  the  Jets  formed  by  TOT  were  black.  Following  Bound 
HB-9,  both  jets  remained  airborne  and  drifted  with  the  wind  but  for  HE-10 
the  jet  produced  by  TOT  fell  rapidly  vhlle  part  of  the  Pentollte  Jet 
remained  aloft.  Saae  of  these  effects  are  illustrated  in  Fig.  8.5. 

This  test  shoved  how  above-ground  activity  might  vary  with  differ¬ 
ent  explosives,  but  did  not  show  any  significant  effect  of  charge  volume 
on  tbs  site  of  the  bass  surge.  The  earth  cover  was  1-1/8  Inches  over 


^  D.  C.  Campbell,  LCDR,  USN,  Teats  and  Observations  on  Craters  and  Base 
Surges,  JAHGLE  Report  l(9)-3,  1  Nov.  1951» 
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5.0  SEC 

CHARGE  WEIGHTS  = 

PENTOLITE  (LEFT  EXPLOSION) 

*  177  LB 

TNT  (RIGHT  EXPLOSION) 

•  216  LB 


40  SEC 

CHARGE  DEPTH  =  3  FT 
SCALED  DEPTHsQ  500  FT/LB  ]/Z 


Fig,  8,5  Surface  Phenomena  Produced  by  TNT  and  Pen  toll  to  -  Round  HB-10 


-  86  . 


CONFIDENTIAL 

Imrtty  hrfmutiM 


•  •• 

•  e 

>•  •  •  e# 


w^f 


CONFIDENTIAL 

tocarttj  tatmutMi 

PROJECT  1(9) -4 

the  Pentolite  charge  and  sero  over  the  TtfT  charge  for  Round  HE-9  hut 
•urge  growth  was  tsentially  the  same.  For  this  round  the  volume  of  the 
true  crater  forae  by  Pentollte  was  1310  cu  ft  and  the  TBT  true  crater 
rrl-miT  was  iigQ  cv  ft.  The  difference  between  charge  volumes  was  O.52 
cu  ft. 
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